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SYNOPSIS 
Column flotation has only come into vogue in the last decade, and in the 
last five years there has been a dramatic increase in the number of plant 
installations on mines throughout the world. Due to the heightened interest 
in this technology it is important that the factors influencing the performance 
of column flotation cells be properly quantified. Most of the column studies 
to date have focused on the pulp zone, while far less work has been done 
on the froth zone. There are conflicting views about the importance of 
various froth parameters. For example, some researchers hold that froth 
depth is of little importance, while others have found it to be crucial. The 
aim of this study was to examine the processes occurring in the column as 
a whole, but to put special emphasis on the froth zone. 
With respect to the pulp zone, a system was developed for measuring 
the bubble size distribution in the pulp. It involved detecting about 3000 
bubbles as they were sucked up a glass capillary tube past two optical 
detectors. The accuracy of the system was found to be excellent, and the 
number of bubbles sized made the distributions statistically meaningful. 
Bubble size tests were conducted in a small laboratory column cell in both 
water and pulp. The trends for the two- and three-phase systems were the 
same, although the bubbles in the pulp tests were generally bigger than 
those in water. It was found that factors which led to a decrease in the 
viscosity or surface tension in the pulp resulted in smaller bubbles. This 
was because the size of a bubble is determined by the rate at which a film 
of water can form around a pocket of air, which is directly influenced by 
the viscosity and surface tension of the pulp. 
Residence time distribution studies of the collection .zone were conducted 
in a laboratory column flotation cell using both liquid and solid tracers. The 
liquid tracer studies showed that the residence time distributions in the pulp 
zone were hardly affected by the presence of solids in the column. When 
the solid tracer was used, however, it was found that there was a significant 
difference between the residence time distributions of the solid and liquid 
phases. The solids were significantly more mixed than the liquid and they 
had a shorter mean residence time. It was found that the residence time 
distributions in the pulp could be adequately modelled using a simple 
tanks-in-series model. The axial dispersion model was not used because 
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some of the D/ul values found in this study were too large for the model 
assumptions to be valid. It was generally found that flotation parameters 
which led to an increase in the mean residence time in the pulp also led 
to a decrease in the degree of mixing in the column. 
The effects of various flotation parameters on the behaviour of the froth 
zone were examined using froth stability tests and by splitting the froth at 
various levels. The stability of the froth was determined by the maximum 
froth height achieved in a small batch column. A system was developed 
to split the froth into four horizontal segments so that the froth could be 
examined at different levels. This system was used on both a batch and 
a continuous column and it allowed data to be obtained on the grade, the 
recovery, the solids and water mass pull, the air hold-up, and the particle 
size distribution as a function of height in the froth. 
The froth stability tests showed that it is a combination of the particle size 
and hydrophobicity that determine the stability of the froth. The stability of 
the froth increased as the particle size decreased because there were more 
particles available to inhibit froth drainage and bubble coalescence. It was 
also found that the froth stability passed through a maximum as the xanthate 
collector dosage was increased. The optimum collector dosage depended 
on the collector chain length and the particle size. The hydrophobicity of 
the particles increased as the collector chain length and dosage increased. 
As the particle size increased the particles needed to be more hydrophobic 
to produce the same froth stability. 
A fine synthetic ore comprising 90 percent quartz and 1 O percent pyrite 
was used in the batch froth splitting· tests. It was found that the coarser 
pyrite tended to float first with little entrained material reporting to the top 
of the froth, and the amount of entrained material in the froth increased 
towards the bottom of the froth. Ultra-fine pyrite (<1 O µm) was concentrated 
at the bottom of the froth indicating that this material was either entrained 
or slow floating. It was again found that there was an optimum collector 
type and concentration to achieve the best grades and recoveries caused 
by poor collection on one hand and the froth being too tightly packed for 
selective flotation on the other hand. It was found that froth stability played 
an important role in determining the final grades and recoveries. If the froth 
was too stable then elutriation of entrained material from the froth was 
: 
_____ J 
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difficult, and if it was not stable enoug·h then floated material was lost due 
to bubble coalescence in the froth. 
In the continuous froth cutting tests the synthetic pyrite/quartz ore was 
again used along with a real gold bearing pyrite ore. The tests were 
conducted with and without wash water. It was found that the trends 
observed in the batch tests were generally repeated in the continuous tests 
with no wash water. Where differences were observed, these could be 
ascribed to the depletion of pyrite in the batch tests which did not occur in 
the continuous tests. The addition of wash water made a significant 
difference to the characteristics of the froth. The froth was stable at much 
lower frother concentrations and the amount of bubble coalescence was 
greatly reduced. There was a far more uniform grade profile through the 
froth and a significant reduction in the amount of entrained material in all 
levels of the froth, especially near the bottom. 
Residence time distribution studies of the froth zone were conducted using 
an isotopically labelled flotable solid tracer and a salt solution liquid tracer. 
The liquid tracer showed that very little of the water in the feed reported to 
the concentrate. The solid tracer studied showed that the froth zone could 
not be modelled adequately using a one parameter model and thus a two 
parameter model was chosen. The model consisted of a perfect _plug flow 
reactor with a recycle stream. The model was chosen because it could 
model any situation from a completely mixed system to a perfect plug flow 
system. It was found that the mean residence time in the froth and the 
plug flow reactor's residence time could be related, and the degree of mixing 
in the froth and the reactor recycle ratio were also related. These 
relationships further validated the choice of model because the model 
parameters could be directly linked to the residence time distribution in the 
froth. It was again found that factors that increased the mean residence 
time in the froth also decreased the extent of mixing in the froth. There 
was a linear increase in the concentrate grade and a linear decrease in 
concentrate mass pull as the mean residence time in the froth increased. 
The recovery remained virtually constant. This indicates that the froth zone 
is responsible to a large extent for the grade in the column, and that longer 
froth residence times helped reduce the levels of entrained material in the 
concentrate. 
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An examination of the effects of flotation parameters on the metallurgical 
performance of the column showed that the mean residence time in the 
pulp was most affected by the pulp density and the air rate had the biggest 
effect in the froth. The volumetric feed rate and the wash water rate had 
the biggest influence in the degree of mixing in the pulp and froth respectively. 
The concentrate grade was most affected by the air rate, while the volumetric 
feed rate had the biggest effect on the mass pull to the concentrate. The 
recovery tended to pass through an optimum, with the frother concentration 
having the biggest effect on recovery. The wash water rate had a large 
effect on the mean particle size in the concentrate. 
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Chapter 1 
INTRODUCTION 
1.1 BACKGROUND TO COLUMN FLOTATION 
Several different flotation machines have been classified as "column 
flotation cells". These include: 
• the conventional or Canadian column (Boutin and Wheeler, 1967); 
• the Bahr cell (Bahr, 1982); 
• the Flotaire column (Zipperian and Svenssen, 1988); 
• the packed column (Yang, 1988); 
• the WEMCO/Leads column (Degner and Sabey, 1988); 
• the Jameson column (Jameson, 1988); 
• the Hydrochem column (Schneider and Van Weert, 1988); and 
• the air sparged hydrocyclone (Ye et al., 1988). 
In this study only conventional column cells are considered. The flotation 
column concept (Canadian or conventional column) was patented in the 
early 1960s by Boutin and Tremblay (Canadian patents 680,575 and 
694,547). A diagramatic layout of this type of column is shown in Figure 1.1. 
Column cells were initially used to separate silica from iron ore by reverse 
flotation, and later to recover sulphides in copper flotation (Wheeler, 1988). 
The initial attempts at scale-up were unsuccessful and resulted in the mining 
industry being sceptical about the viability of column cells .. This caused a 
temporary halt in column flotation research due to lack of funds. In 1980, 
after many years of research, Mines Gaspe were persuaded to order two 
columns for use on their by-product molybdenum circuit. These columns 
had diameters of 46 and 91 cm and proved to be very successful. This 
success led to several other mines installing flotation columns. Table 1.1 
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details some of the column applications in various places throughout the 
world. It can be seen that the use of columns is widespread and covers 
many different flotation operations. Canada is the leading user of columns 
in the world at the moment, probably because columns were developed in 
Canada. The mining industry is conservative by nature, and it is only in 
the last few years that columns have been proven. From Table 1.1 it is 
evident that there has been a large increase in the number of full scale 
columns being used on mines from 1988 to 1991 and column circuits are 
beginning to replace qonventional installations in some apP.lications. 
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FIGURE 1.1 Diagramatic Layout of a Column Flotation Cell. 
' 
. A diagram of a column flotation cell is shown in Figure 1.1. Flotation 
columns are characterized by two main zones, the collection (pulp) zone 
and the cleaning (froth) zone. In the collection zone there is counter-current 
contact between the bubble swarm from the bottom of the column and the 
feed which is introduced about one third of the way down the column. The 
floatable material is collected by the bubble swarm and is carried into the 
cleaning zone and the tailings leave through the bottom of the column. The 
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TABLE 1.1 Some Column Applications 
COUNTRY/MINE/INSTITUTION MINERAL COLUMN SCALE REFERENCE 
DIAMETER 
AUSTRALIA 
Riverside Mine Coal 1.70m Plant Nicol et al. (1988) 
Harbour Lights Goid Sulphide 0.11 m Pilot Subramanian et al. (1988) 
Mount Isa Mines Copper/Lead/ Zinc 0.05m Pilot Espinosa-Gomez et al. (1988) 
Peak Gold Sulphide Ore 0.10m Pilot AHord et al. (1991) 
Mount Isa Mines Copper/Lead/ Zinc 2.50m Plant Esoinosa-Gomez et al. (1991) 
BRAZIL 
Carbonifera Criciuma Coal 0.05m Pilot Oliveira and Peres (1991) 
Samarco Mineragao S.A. Iron Ore 3.65m Plant Viana et al. (1991) 
Mineracao Mantati Ldda. Copper 0.60m Plant Reis and Peres (19911 
CANADA 
MinesGaspe Moly 0.91 m Plant Wheeler (1988) 
Gibraltar Mines Ltd. Moly 0.51 m Plant Moon and Sirois (1988) 
Brunswick Mining and Smelting Corp. Ltd. Zinc 1.80m Plant Moon and Sirois (1988) 
GECO, Manitouwadge Copper 0.90m Plant Moon and Sirois (1988) 
Polaris Zinc/Lead 0.60m Plant Egan et al. (1988) 
Sulivan Mine Zinc/Lead 0.30m Pilot Egan et al. (1988) 
Falconbridge Strathcona Copper/Nickel 0.15m Pilot Furey and Moon (1991) 
Highland Valley Copper 0.15 m Pilot Furey and Moon (1991) 
Falconbridge Strathcona Copper/Nickel 2.10m Plant Huls et al. (1991) 
Les Mines Selbaie Copper/Zinc 0.05m Pilot Del Villar et al. (1991) 
Les Mines Camchib Inc. Copper 0.06m Pilot Laohapanit et al. (1991) 
Ruttan Operation, Hudson Bay Mining Zinc 0.91 m Pilot Webber at al. (1991) 
Matagami Copper/Zinc 1.20 m Pilot Ounpuu and Tremblay (1991) 
Coal Research Laboratories Coal 0.76m Pilot Salama et al. (1991) 
Faro, Curragh Resources Inc. Lead/Zinc 3.60m Plant Beaumont et al. (1991) 
Sulivan Mine Zinc/Lead 2.40m Plant Bromley et al. (1991) 
CHILLE 
Cia Minera Punta del Talca Gold 0.05m Pilot Ugarte and Reinoso (1991) 
Cuajone Copper/Moly 1.22 m Pilot Amelunxen et al. (1988) 
Las Cenizas Copper 0.10 m Pilot Bergh and Yianatos (1991) 
Compafifa Minera Disputada de Les Condes Pyrite 0.91 m Plant Yianatos and Ber11h (1991) 
FRANCE 
Chessv Copper/Zinc 0.06m Pilot Morizot et al. (19911 
JAPAN 
Tovoha Mines Lead/Zinc 2.70m Plant Hiraiima et al. 119911 
INDIA 
Bhoiudih Washerv Coal 0.22m Lab Narasimhan et al. 119881 
NORWAY 
Svdvaranaer at Kirkens Silica 2.45m Plant Sandvik et al. 119911 
SOUTH AFRICA 
Dumacol Coal 0.30m Pilot Gorzitzke and MacPhail (1989) 
Unisel Pyrite 0.05m Lab Goodall and O'Connor (1989) 
Rooiberg Tin 0.09m Pilot Harris and Franzidis (1989) 
University of Cape Town Coal 0.10 m Pilot Franzidis et al. (1991) 
University of Cape Town Gold Residues 0.10 m Pilot Franzidis et al. (1991) 
University of Cape Town Platinum 0.10 m Pilot Franzidis et al. (1991) 
Northam Platimum Mine Platinum 1.0 m Plant O'Connor (1991) 
Paring Mine Lead/Zinc 1.2m Plant Norton (1991) 
President Steyn Mine Gold 1.0m Plant O'Connor (1991) 
Palaborwa Mining Company Copper 0.5m Pilot O'Connor (1991) 
Mintek Gold Residue 0.15 m Pilot Bur11er 11991) 
SPAIN 
Apirsa Zinc 2.40m Plant Bolin and SOderber11 (1991) 
SWEDEN 
Laisvall Zinc 0.45 m Pilot Bolin and Soderberg (1991) 
Aitik Copper 3.00m Plant Bolin and SOderberg (1991) 
Boliden Zinc 1.70 m Plant Bolin and SOderbera 11991) 
TURKEY 
Etibank UckoprO Chromite O.o7 m Pilot GOnev et al. {1991 l 
USA 
Red Dog Zinc/Lead 0.10 m Pilot Egan et al. (1988) 
Elkhorn Coal 0.05m Lab Luttrell et al. (1988) 
Oracle Peak Copper 1.52m Plant Olsen and Meik (1991) 
Red Doll Zinc 2.70m Plant Bromley et al. 119911 
ZAMBIA 
Nchanga Mine Copper 1.83 m Plant Chowdhury et al. (1991) 
Zambia Consolidated Mines Copper 0.05m Pilot Smithson et al. (1991) 
Chapter 1 Introduction Page 4 
cleaning zone consists of an expanded bubble bed below the wash water 
system and a conventional froth above it. The wash water creates a 
downward (positive) bias in the froth zone which prevents hydraulic entrain-
ment of gangue material into the concentrate. The wash water also stabilizes 
the froth zone. Column flotation cells often produce better grades than 
mechanical flotation cells due to this froth washing (Yianatos, 1989). 
Flotation columns are distinguished from mechanical flotation cells by three 
major differences, viz: firstly the wash water system, secondly the aeration 
system and thirdly there is no mechanical agitation. 
Column flotation cells owe their popularity to a number of factors (Yianatos, 
1989), viz: 
• they are easy to maintain as there are no moving parts to wear 
and the spargers can usually be replaced without shutting down 
the column; 
• they are cheaper to run than mechanical cells because there is 
no power required to agitate the pulp and often the same results 
can be achieved at lower reagent dosages; 
• one column may often achieve the same, or better results than a 
whole bank of mechanical cells; 
• the floor space required for columns is considerably less than that 
required for a comparable mechanical installation; 
• columns are generally better controlled than mechanical cells 
because good control is essential if columns are to produce good 
results; 
• column cells can be used to treat systems with fine particles and 
high pulp densities because of their efficient cleaning action; 
• the design and construction of columns is relatively simple leading 
to savings in capital costs; and 
• scale-up from pilot plant to plant scale columns is far easier than 
with mechanical cells because there is a single three-dimensional 
froth and steady state laboratory tests are possible. 
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1.2 REVIEW OF COLUMN FLOTATION TECHNOLOGY 
Column flotation technology can be classified into three main groups, viz: 
column variables, column modelling and scale-up and column control. 
1.2.1 COLUMN VARIABLES 
Possibly the most important group of column variables are those associated 
with the generation of the bubbles because almost all of the column 
parameters are affected by these variables. The two major variables in this 
group are the air rate and the sparger system. The air rate is usually given 
as a superficial velocity for easy comparison between columns of different 
sizes. 
The medium of transport of particles from the pulp into the concentrate 
is the surface of the bubbles. The amount of bubble surface area available 
for flotation is determined by a combination the bubble size and the air flow 
rate. The bubble size is influenced by the air flow rate and the sparger 
type. Dobby and Finch (1986a, 1986b) have shown that there is optimum 
air flow rate for the collection of particles, and this is the air rate at which 
the carrying capacity of the column is at its maximum. Low air rates lead 
to a decrease in total bubble surface area. Clingan and McGregor (1987) 
have shown that grade and recovery can be adversely affected at high air 
flow rates. Espinosa-Gomez et al. (1988) found that the air rate had little 
effect on the performance of the column over a wide range of superficial 
air velocities (1.5 - 3.5 cm·s-1). 
Bubble size is of critical importance to the performance of the column 
since it affects the gas hold-up, the fluid flow regime in column and the 
collection efficiency of the bubbles (Dobby and Finch, 1986b). Luttrell et 
al. (1988) have shown that small bubbles improve the performance of column 
cells. Bubble sizes have been measured in column cells (Tucker et al., 
1991; Zhou et al, 1991) and it has been found that frother concentration 
has a significant effect on both bubble size and bubble rise velocity. An 
optimum bubble size for column cells of between 0.4 and 0.8 mm has been 
suggested by Dobby and Finch (1986a). 
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Column spargers can be divided into two groups, internal (e.g. filter cloth 
sparger) and external (e.g. US Bureau of Mines sparger) spargers. More 
detail about these sparger types is given in section 2.2.3. The external 
spargers are generally better because the bubble size can be controlled 
independently of the air flow rate. With the internal spargers the bubble 
size increases as the air rate increases. Dobby and Finch (1986a) state 
that column spargers should be designed to produce small bubbles at high 
velocities. 
Air hold-up in the collection zone is important because it affects the 
residence time of the particles and the collection efficiency. Factors which 
affect air hold-up are the air rate, the bubble size, the pulp density and the 
bubble loading (Yianatos, 1989). 
Wash water is added near the top of the froth to maintain a positive bias 
in the column and to stabilize the deep froth. The net downward flow of 
water through the froth has been shown to be very effective in reducing 
hydraulic entrainment of gangue (Yianatos et al., 1987). Typical superficial 
wash water rates are about 0.3 to 0.5 cm·s·1. Lower wash water rates lead 
to poor froth washing with a resultant decrease in grade and higher wash 
water rates are counter-productive because they lead to increased mixing 
in the froth with severe channelling and recirculation. Yianatos et al. (1986a) 
state that it is important to maintain an even distribution of water across 
the whole froth and to avoid jetting. In order to achieve this the design of 
the wash water distributor is very important. The wash water distributor 
may be located above or just below the surface of the froth. If it is located 
above the froth surface then an increased wash water rate is required to 
maintain the downward bias because much of the water reports directly to 
the concentrate, but it is easy to achieve a gentle, even distribution of water. 
Wash water distributors located below the froth surface require less wash 
water but distribution is more difficult and the distributor may interfere with 
the flow of froth (Finch and Dobby, 1990). The increased water hold-up in 
the froth caused by the addition of wash water stabilizes the froth by inhibiting 
bubble coalescence. 
The height of the column determines the retention time of the slurry in 
the column (Ynchausti et al., 1988b) and Luttrell et al. (1988) have shown 
that increasing the column height leads to better column performance. The 
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fluid flow regime in the collection zone is determined to a large extent by 
the column height-to-diameter ratio. Yianatos et al. (1988b) show that there 
is an optimum column height-to-diameter ratio. Below this value the increase 
in mixing in the collection zone limits the recovery and above this value the 
carrying capacity of the column becomes limiting and no benefit is gained 
from the increased height. Ounpuu and Tremblay (1991) state that column 
heights are often determined by arbitrary constraints like the roof or crane 
height and hence many columns are taller than necessary. Large columns 
are generally baffled vertically into several sections which effectively increases 
their height-to-diameter ratio and decreases the extent of mixing in the 
collection zone (Mays et al., 1991 ). 
The carrying capacity of a column is determined mainly by the froth zone 
and can be defined, for a given set of conditions, as the solids rate entering 
the froth at which maximum rate of concentrate production occurs. Column 
carrying capacity is defined in units of mass per unit area and has been 
found to be relatively independent of column size for columns up to 1 m in 
diameter (Finch and Debby 1990). For larger columns the lip loading capacity 
(maximum rate of concentrate production per unit length of column lip) 
becomes limiting and it is often necessary to install internal launders to 
increase the lip length of the column (Amelunxen, 1991 ). The major factors 
that affect the carrying capacity of a column are the particle size and pulp 
density. Air rate has been found to have a relatively small affect on carrying 
capacity because an increase in air rate is usually accompanied by an 
increase in bubble size. These two effects cancel each other out and there 
is little change in bubble surface area (Finch and Debby, 1990). Espinosa-
Gomez et al. (1988) found the froth depth had a significant effect on the 
carrying capacity of a column, with a decrease in recovery being observed 
as froth height increased. 
The froth zone in a column is usually much deeper and more hydrated 
than the froths found in mechanical cells. No general rules regarding froth 
depth seem to have been developed, except that they are usually deeper 
than 1 m in industrial scale columns (Yianatos, 1989). Again the froth 
height-to-column diameter ratio is important in determining the degree of 
mixing in this zone with deeper froths having a more plug flow behaviour 
(Yianatos, 1987). Ynchausti et al. (1988b) have found that most of the 
cleaning in the column occurs at the pulp-froth interface due to the downward 
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bias in the column and the sudden deceleration of the bubbles at the bottom 
of the froth. 
The stability of the froth increases as the liquid hold-up in the froth 
increases. Woodburn et al. (1989) showed that froth stability was a strong 
function of residual surfactant concentration, and Yianatos et al. (1986) 
showed that liquid hold-up in the froth was affected by wash water rate, · 
liquid drainage rate and froth bubble size. Pal and Masliyah (1990) showed 
that the froth drainage flux in the froth. was a function of the liquid hold-up 
in the froth. 
Models for the processes occurring in column froths are generally 
modifications of models proposed for conventional froths. Yianatos et al. 
(1988a) propose a procedure for quantifying the froth based on the model 
proposed by Moys (1984) and Ross and Van Deventer (1988) have extended 
their computer model of mass transport in the froth (Ross, 1988) to cover 
the deeper more hydrated froths found in columns. Temperature profiles 
were used by Moys and Finch (1988) and by Fairweather and Egan (1991) 
to quantify mixing in the froth phase. Falutsu and Dobby (1989) used a 
modified column to isolate the froth phase and measure froth dropback. 
A list of typical column flotation design and operating conditions are given 
below (Finch and Dobby, 1990): 
Superficial Air Rate 
Superficial Pulp (Slurry) Rate 
Superficial Wash Water Rate 
Superficial Bias Rate 
Froth Depth 
Average Bubble Size 
Height-to-Diameter Ratio 
1 - 3 cm·s-1 
0.3 - 1.2 cm·s-1 
O - 0.4 cm·s-1 
-0.05 - 0.2 cm·s-1 
50 - 120 cm 
0.05 - 0.2 cm 
~ 10:1 
1.2.2 COLUMN MODELLING AND SCALE-UP 
Luttrell et al. (1988) states that the three most important factors in the 
scale-up process are the mixing characteristics of the column, the residence 
time of the particles in the column and the kinetic rate constants. In the 
"' 
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first attempt to model the column flotation cell Sastry .and Fuerstenau (1970) 
used an axial dispersion model to account for the mixing of both the air 
and the slurry. The model was of limited value because the froth phase 
was not considered and no wash water addition was taken into account. 
Dobby and Finch (1986b) developed the first useful scale-up methodology 
considering both the collection and cleaning zones. Kinetic data is obtained 
from laboratory column tests and the mixing in the collection zone is 
accounted for using the axial dispersion model. This model accounts for 
both the collection zone and the cleaning zone recoveries as well as the 
effects of overloading the bubbles. 
Much work has been done on the mixing in the collection zone. In most 
cases the mixing of the solids and the liquid are assumed to be equivalent. 
Laplante at al. (1988) improved on Dobby and Finch's (op. cit.) model by 
taking into account the solids concentration. Xu and Finch (1991 b) further 
improved on this model by accounting for the superficial liquid velocity, and 
Xu and Finch (1991 a) reviewed the use of the axial dispersion model and 
found that it is an appropriate model for the collection zone as long as the 
boundary conditions are correctly identified. 
Goodall and O'Connor (1989, 1991) used a flotable isotopically labelled 
tracer in a laboratory column and found that the mixing in the collection 
zone could be modelled using a tanks-in-series model. Mavros et al. (1989) 
modelled the collection zone using a tanks-in-series model with backmixing 
between stages and found that the dispersion coefficient was too high to 
use the axial dispersion model. Mills and O'Connor (1990) in their review 
of mixing in column cells found that many of the early correlations used for 
flotation columns were based on the mixing characteristics found in bubble 
columns under different conditions and hence are not applicable. They also 
found that the solid and liquid phase mixing were not equivalent. Yianatos 
and Bergh (1991) conducted a series of tests in an industrial scale column 
cell using isotopically labelled gangue of different particle sizes and a 
radio-active solution as tracers. They found that the mixing in the collection 
zone was a function of particle size. More detail on the mixing in the 
collection zone is given in section 2.2.5. 
The column diameter is chosen to accommodate the required feed flow 
rate and the column length to achieve the required residence time in the 
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collection zone. The air hold-up is also important in determining the particle 
residence time as it affects the effective volume of the column. The hindered 
. settling velocity of the particles (a function of particle size and density) 
. . . 
combined with the effective volume of the collection zone, the liquid mixing 
and tailings flowrate are generally used to estimate the residence time of 
the particles (Yianatos, 1989a). 
Dobby and Finch (1986b) attempted to measure collection zone rate 
constants by running .the column at a very high bias wit~ a very shallow 
froth thus eliminating the cleaning zone and preventing entrainment and the 
drop-back of floated particles into the collection zone. The collection zone 
recovery was then found and an estimate of the cleaning zone recovery 
was made to arrive at the recovery for the overall system. The recovery 
in the cleaning zone was generally estimated to be 100 %. Two shortcomings 
of this method were that the high bias was not effective in eliminating 
hydraulic entrainment and the recovery in the cleaning zone was· difficult to 
measure. 
In subsequent studies Yu and Finch (1990) have estimated the froth zone 
recovery from the collection zone recovery and the overall recovery. They 
found froth zone recoveries of less than 50 %. Falutsu and Dobby (1989) 
used a different method to estimate the recovery in the froth zone and got 
similar results. 
The other common method used to estimate the rate constants in the 
column is to use the recovery of the column as a whole as the collection 
zone recovery. This gives conservative values for the rate . constants. 
Scale-up parameters and methodology for the froth zone are still not well 
defined (Yianatos 1989a). 
Contini et al. (1988) have developed a method for estimating the rate 
constants for a particular flotation system in a laboratory column cell. A 
combination of co-current and counter-current tests are used to obtain the 
rate constant for flotation. Mular and Musara (1991) use a batch recycle 
column in which the tailings are continuously recycled to the feed to measure 
flotation rate constants. Burger (1989) has developed a model for the air 
hold-up and concentration profiles of flotable and non-flotable species in the 
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collection zone for different particle sizes and densities. This model could 
be used to estimate rate constants. 
The recovery in a column cell is generally estimated as a function of the 
mixing characteristics in the column, the mean particle residence time and 
the kinetics of flotation. The kinetics of flotation are generally assumed to 
be first order (Finch and Dobby, 1990). 
Another important consideration in scale-up is the carrying capacity of the 
column and the lip loading capacity. In the sizing of full scale columns it 
is vital to ensure that these limits are not exceeded (Amelunxen 1991 ). 
A number of column simulators have been developed for single columns 
and for column circuits (e.g. Del Villar, 1988; Wilson and Stratton Crawley, 
1991; Castillo and Dobby, 1991 ). These models generally use first order 
kinetics for particle collection process and correlations for the column carrying 
capacity, column mixing, particle residence time and other parameters derived 
from experimental data. 
1.2.3 COLUMN CONTROL 
In order to achieve efficient cleaning in column flotation cells it is important 
that there be a net downward flow (positive bias) of water in the froth zone. 
This is achieved by ensuring that the tailings flowrate is greater than the 
feed flowrate. There are two ways of achieving this, viz: either maintain a 
constant positive bias (tailings rate - feed rate) or maintain a constant bias 
ratio (tailings rate I feed rate) which is greater than 1. Bias ratios of between 
1.01 and 1.15 are recommended (Yianatos, 1989). A major problem in 
setting the bias in the column correctly is the detection of the bias in the 
froth zone. Mays and Finch (1988) utilised a temperature difference between 
the feed water and wash water to measure temperature profiles in the froth 
and from these profiles they could infer the bias in the froth. Bergh and 
Yianatos (1991) expanded on these tests to include conductivity as a method 
of obtaining froth profiles. 
The other important variable in column control is the level of the pulp-froth 
interface. It is important to be able to detect and control this level because 
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it affects the depth of the froth. Several methods of monitoring this level 
have been used, including floats (Finch and Debby, 1990), pressure 
measurements (Kosick et al, 1991 ), temperature profiles (Moys and Finch, 
1988) and conductivity measurements (Moys, 1989). Moys and Finch (1988) 
suggest that temperature or conductivity measurements are the best methods 
of detecting the level in the column because they are not affected by changes 
in air hold-up and pulp density. The level is usually controlled by varying 
the tailing flowrate. Moys (1989) describes a multi-point conductivity sensor 
with reference points. in the pulp to account for changes in the feed 
conductivity (e.g. pH or pulp density). This system would also allow 
conductivity profiles and hence the froth. bias to be measured. This system 
is superior to temperature measurements because no difference in the feed 
and wash water temperatures is required and it can easily be incorporated 
into an overall control strategy. 
Several computer based expert systems for column control and simulation 
have been developed (e.g. Ynchausti et al., 1988a; Sastry and Lofftus, 1988; 
Lee et al., 1991; Hirajima, 1991; Kossick et al., 1991). These systems are 
based on correlations obtained from experimental studies or on operator 
experience and heuristic rules. There is still much work ·to be done in 
measuring column variables and understanding their interactions before 
complete models can be produced. Ynchausti et al. (1988a) point out that 
process simulation is useful for supervisory control, but the concept of a 
self controlling column is not feasible at present. 
1.3 OBJECTIVES OF RESEARCH 
The aims of this study were: 
• to quantify the effects of common flotation variables on the sizes 
of bubbles produced in a column "flotation cell, and then to relate 
the effects of bubble size to the behaviour of both the pulp and 
froth zones; 
• to derive models for the fluid flow regimes in both the pulp and. 
froth zones and to compare these models to the existing models 
for these zones; 
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• to compare the mixing of the solid and liquid phases and to 
determine if the liquid phase mixing could be used to predict the 
mixing of the solid phase in the collection zone; 
• to examine the effects of common flotation variables on the 
residence time distributions of the solids in both the collection and 
the cleaning zones; 
• to quantify the effects of the residence time distributions of the 
pulp and froth zones on flotation parameters _such as grade, 
recovery and particle size; 
• to identify the processes occurring at different levels in the froth 
by splitting the froth into four horizontal segments and examining 
froth parameters such as grade, recovery, air hold-up and particle 
size as a function of height in the froth; 
• to quantify the. effects of flotation variables on the structure of th·e 
froth; and 
• to identify interactions between the pulp and froth zones. 
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Chapter 2 
PULP ZONE EFFECTS 
2.1 INTRODUCTION 
Of the three zones in flotation columns, the collection zone, the cleaning 
zone and the froth zone, the most research has been conducted on the 
collection zone (pulp zone). The processes occurring in this zon~ are similar 
to those occurring in conventional flotation cells, and there are the same 
particle-bubble attachment and entrainment mechanisms. The biggest 
differences are that the system is less turbulent and there is counter-current 
contact between the solids and the air. 
This chapter addresses two main topics: 
• The determination of bubble size in the pulp for both two- and 
three-phase systems. 
• The modelling of the residence time distributions of the liquid and 
solid phases of the pulp zone. 
The aim of the bubble size measurements was to quantify the effects of 
various common flotation variables such as air rate, pulp density, etc. on 
the size of bubbles formed in columns and to relate this data to the 
performance of the flotation system. The bubble size is known to have a 
significant effect on the attachment of particles to bubbles (Ahmed and 
Jameson, 1985), the degree of mixing in the system (Finch and Debby, 
1990), the kinetics of flotation (Debby and Finch, 1987) and the stability of 
the froth (Ross, 1988). 
The aim of the residence time distribution modelling was to propose models 
for the solid and liquid phases in the collection zone. Several residence 
time distribution models have been proposed for this zone and most of them 
estimate the residence time distribution of the solids from that of the liquid 
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(e.g. Dobby and Finch, 1986b; Yianatos, 1987; Espinosa-Gomez, 1987; 
Miszczak, 1987). The validity of this assumption is examined, together with 
the suitability of the existing models. 
A discussion of the literature on bubble size and residence time distribution 
models is followed by a description of the equipment used in these studies 
and the experimental methods. The results are discussed and a summary 
of the findings of this section complete the chapter. 
" 
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2.2 THEORY 
2.2.1 BUBBLE SIZE 
The importance of bubble size in the efficiency of the flotation process is 
well known (Debby and Finch, 1987). Small bubbles are needed to float 
fine particles. Debby and Finch (1986a) showed that bubble size was an 
important variable in flotation column performance. Smaller bubbles led to 
an increase in the ov·erall bubble surface area, a more stable froth zone 
and an increase in column carrying capacity. They found that bubbles of 
the order of 1 mm diameter were optimum. 
Bubble size and stability are determined by a stress balance at the air-liquid 
interface (Jameson, 1984). The factors which contribute to the stresses on 
a bubble include the liquid viscosity and surface tension. There is often no. 
shape for which the surface forces and the surface tension gradients are 
in static equilibrium and hence the bubble's form may be constantly changing. 
For this reason it is difficult to resolve the forces on a bubble into a single 
resultant force as is possible with a solid particle. This makes the behaviour 
of the bubbles difficult to predict. 
Figure 2.1 shows the changes in the rise velocity of bubbles in water as 
the diameter of the bubbles changes. It can be seen that the presence of 
contaminants (surface active materials) even in low concentrations results 
in· a decrease in bubble rise velocity. This effect is most pronounced at 
small bubble sizes. 
The shape of the bubbles changes as the bubble size changes. Small 
bubbles (< 1 mm) are spherical in appearance and rise with a steady 
rectilinear motion. From 1 mm to about 18. mm· the bubbles are ellipsoidal 
in appearance and rise in either a helical or zigzag pattern. These irregular 
patterns result in a decrease in· bubble rise velocity because the bubbles 
. 
have further to travel. The ellipsoidal shape of these bubbles is caused by 
the inertia of the oncoming liquid which tends to flatten the bubbles. For 
large bubbles (> 18 mm) the bubbles have a spherical cap with the bottom 
of the bubble being either flat (in water) or slightly concave (in more viscous 
· liquids). The shape of these bubbles is due to the slightly lower pressure 
in the bubble wake and the drag forces on the sides of the bubble. 
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FIGURE 2.1 : The Terminal Velocity of Air Bubbles in Water at 
20°C (After Jameson, 1984) 
The size of a bubble formed at an orifice in a quiescent system is 
determined by a balance between the buoyancy forces pulling the bubble 
up, the surface tension forces holding it at the orifice and the force needed 
to displace the liquid into which the bubble grows. In more turbulent systems 
the solution to the force balance becomes more complicated as lateral forces 
have to be included. Davidson and Schuler (1960a) propose that the bubble 
volume (V) is a function of the gas flow rate (Q) and the acceleration due 
to gravity (g) if the surface tension forces are neglected. 
This equation works well at low flow rates in liquids with low viscosities. 
As the liquid viscosity (µ) increases the viscous drag plays an increasingly 
important role until it replaces the inertial term and the equation becomes 
(Davidson and Schuler, 1960b): 
v = (41t/3)113·(15µQ/2g)314 
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Pryor (1965) states that bubbles of less than 0.5 mm diameter are 
indiscriminate in their adhering power and tend to promote too stable a 
froth. If the bubbles are extremely small, they remain in the pulp and cannot 
lift themselves. An upper limit to the size of the bubbles for efficient flotation 
is about 3 mm. 
In general the size of a bubble in the pulp phase is influenced mainly by 
the following factors: 
• the size of the aperture from which it emerges; -
• the hydrostatic head against which it is compressed; 
• the surface tension of the air-liquid interface at the point where 
the bubble is formed; 
• the speed of emergence, and the volume and pressure of gas 
behind it; 
· • the turbulence of the surrounding pulp. 
When a frother is added to the pulp, the surface tension is lowered and 
the power requirement in mechanical cells is reduced. Bubbles generated 
in mechanical cells tend to lie between CJ.05 and 1.5 mm diameter with the 
bulk being around 1 mm. Pneumatic spargers (sintered discs, porous rubber 
mats, filter cloth etc.), without frother, generate bubbles averaging 2.5 to 
3 mm diameter. 
2.2.2 BUBBLE SIZING METHODS 
A number of methods have been described for determining the size of 
bubbles in two- and three-phase systems. These include, inter alia, 
photographic techniques, (Miller, 1985) electroresistivity measurements, (Ya-
sumishi et al., 1986), calculations using empirical or semi-empirical correla-
tions, etc. (e.g. Sada et al., 1978; Tsunge et al., 1981 ). 
The most common method of sizing bubbles in column flotation cells is 
by drift flux analysis (Dobby et al., 1989). The mean bubble size is calculated 
from the superficial gas and liquid rates (J9 and J1), the gas hold-up (e), 
and the liquid density and viscosity (p1 and µ). The case of a two-phase 
-----------------------------------------' 
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system is shown below. The bubble size is varied until the velocity of the 
gas relative to the liquid (Usg) is equal for the two equations below: 
i.e. 
where 
and 
Usg = Jg ± J1 
E (1 - E) 
Usg = Q·db2·p1(1 - E)m-1 
18·µ(1 + 0.15·Rebs0·687) 
Jg ± Jr = 
E (1 - E) 18· µ( 1 + 0.15· Rebs 0·687) 
m = [4.45 + 18(db/dc)]·Reb·0·1 1 < Reb < 200 
m = 4.45-Reb·0· 1 
Heb = db·Ub·pr 
µ 
and 
200 < Reb < 500 
Rebs = db·Usg·pl 
(1-Eg)µ 
This is an iterative procedure because Usg is part of the bubble-slurry Reynolds 
number (Rebs). 
Dunne et al. (1976) pioneered the method used in this work. Bubbles 
are sucked via a capillary tube inserted into the pulp through a block 
containing optical sensors. With the aid of a computer, bubble size 
distributions may be determined in two- and three-phase systems. 
2.2.3 BUBBLE GENERATION IN COLUMN CELLS 
The sparger systems used in column flotation cells can be broadly classified 
into two groups, viz: internal and external systems (Finch and Dobby, 1990). 
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With internal sparger systems the sparger is located inside the column cell. 
These systems can be classified into two main groups; viz: porous spargers 
such as sintered glass discs and filter cloth and multinozzle spargers such 
as perforated steel or rubber plates. Part of the sparger is located outside 
the column with external sparger systems. These include the US Bureau 
of Mines (USBM) sparger (McKay et al., 1988), the Cominco Sparger 
(Tucker et al., 1991) and venturi systems (Sanchez-Pino and Mays, 1991 ). 
Internal sparger systems are generally inferior to the external systems 
because they can block up with solids and require the column to be shut 
down for their maintenance. Internal spargers produce a larger range of 
bubble sizes, they are generally more difficult to control and the mean bubble 
size is larger for internal sparger systems than for external sparger systems. 
The USBM sparger and the Cominco sparger operate on the same principle. 
Air and water are combined at about 4 bar pressure in some sort of T-piece 
arrangement and are then introduced into the column via a pipe with a 
series of small holes (1/16" for the Cominco sparger). High sheer is created 
at these holes by the shock of the sudden pressure reduction resulting in 
small bubbles being produced (< 1 mm in diameter). The bubble size 
produced can be controlled by varying the pressure and the water flow rate 
to the sparger. Venturi aerators and orifice plates can also be used to 
produce small bubbles and are commonly used on Jameson Cells (Sanches-
Pino and Mays, 1991 ). These aerators can be used to promote high intensity 
contact between the air and the slurry and hence increase the rate of 
flotation. External aerators are generally easy to maintain, and can be 
removed without shutting the column down. 
2.2.4 BUBBLE-PARTICLE INTERACTIONS 
The interaction of particles with bubbles can be thought of as two separate 
systems: Firstly the formation of the bubble-particle agglomerates in the 
pulp and their subsequent rise into the froth. Secondly the processes 
occurring in the froth which affects the stability of these agglomerates. These 
two systems are affected to different degrees by the various flotation 
conditions. 
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There are three phases in the attachm~nt of a particle to a bubble (Schulse 
1977): 
• The approach of the particle to the bubble. 
• The thinning of the liquid film between the particle and the bubble. 
• The receding of the liquid film to give a solid-air interface. 
In general the film thinning stage is the rate determining step. 
Jowett (1980) observed that ultra-fine particles (< 1 O Jim) and coarse 
particles (> 200 µm) give very poor flotation rates and ultimate recoveries 
(Figure 2.2). The reasons for this give some insight into the processes 
occurring in the pulp. 
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It is generally accepted (King, 1982; Ewers, 1984) that the poor rate of 
flotation of ultra-fine 'particles (< 10 µm) is due to decreased opportunity for 
collision. This is due mainly to the increasing influence of streamlines as 
the particle size dE;)creases. The ultra-fine particles. have little momentum 
and thus when the fluid stream-lines curve around a bubble the fine particles 
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remain in these streams and do not come into contact with the surface of 
the bubble. Since these streamlines are far more pronounced in Stoke's 
law flow regime than in turbulent conditions and because increasing the 
turbulence increases the momentum of the particles and bubbles, more 
turbulent conditions lead to better recovery of these ultra-fine particles. 
Several researchers (e.g. Schulze, 1977; King, 1982) have proposed that 
coarse particles (> 200 µm) have low rates of flotation due to the disruption 
of the bubble-particle agglomerates by the inertial forces associated with 
turbulence. Therefore decreasing the turbulence of the system aids the 
flotation of coarse particles. The best conditions for the flotation of coarse 
particles on the basis of this proposal are therefore when there is just 
sufficient agitation to suspend the particles. 
It was felt by Kirchberg and Tepfer (1964) that a more significant reason 
for the poor flotation of coarse particles is that few bubble-particle bonds 
occur on collision of these particles with bubbles. By means of high speed 
photography Kirchberg and Tepfer found that these collisions were elastic. 
The particles have a relatively high kinetic energy causing the bubbles to 
deform on collision. The bubbles tend to regain their stable spherical shape 
almost immediately and the particles rebound preventing a solid-air interface 
from forming. More turbulent conditions would enhance this effect. It is 
probable that both the breaking of the bubble-particle agglomerate and the 
elastic collision mechanisms contribute to the poor recovery of these coarse 
particles. 
The elastic collision mechanism was supported by Ahmed and Jameson 
(1985) who studied three pure materials all with similar particle sizes: Latex 
(density 1050 kg·m-3), quartz (density 2650 kg·m-3) and zircon (density 
4560 kg·m·3). It was found that the degree of turbulence had a large 
influence on the rate of flotation of the particles. Increasing the speed of 
agitation had a far larger effect on the kinetic energy of the zircon particles 
than the latex particles (a factor of 4.4). It was found that the best rates 
of flotation for zircon were achieved at low agitation speeds, intermediate 
speeds were best for quartz and high agitation speeds gave the best results 
for latex. 
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Jowett (1980) did a series of tests using galena, sphalerite, pyrite and 
pentlandite. He disputed the accepted theories for the poor flotation rate 
of coarse and ultra-fine particles on the basis of his results which are shown 
in Figure 2.3. 
The differences between the recovery of coarse galena and pyrite particles 
can be attributed to differences in density (galena 7500 kg·m-3 and pyrite 
5000 kg·m-3). This cannot, however, be used as an explanation for the 
differences in the pentlandite and pyrite systems which have very similar 
densities. It is also difficult to reconcile the differences in the recovery of 
fine minerals in terms of the differences in the frequency of bubble-particle 
collisions caused by the differences in density. Sphalerite (density 4000 kg 
m"3) has a similar fines recovery to galena in spite of the large density 
difference, while pentlandite and pyrite have far lower fines recoveries than 
sphalerite. Density is the only obvious physical property of the minerals 
that might affect the formation and disruption of bubble-particle agglomerates. 
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This led Jowett to the conclusion that it is surface chemical factors that 
determine the potential for bubble-particle agglomerate formation. Induction 
time is an obvious measure of the potential for the formation of agglomerates. 
The induction time can be defined as the time taken for a bubble to form 
a three-phase contact at a solid surface after the initial bubble-particle 
collision. The shorter the induction time the greater the potential for 
agglomerate formation. Good induction times are of the order of 1 O ms. 
The obvious surface. chemical factor is the hydrophobicity of the mineral. 
This is determined, to a large extent, by the interaction of the collector with 
the mineral. The role of the collector is to render the mineral particle 
hydrophobic. The induction time is obviously determined mainly by the 
hydrophobicity of the mineral particle, but very little work has been done to 
quantify this relationship (Jowett 1980). 
The step that controls the induction time is the rate at which the liquid 
film between the particle and the bubble thins. Derjaguin and Dukhin (1961) 
point out that induction time phenomena are difficult to analyse mathematically 
based on the thinning and rupture of water films. This is because these 
quantities are difficult to measure and are determined by several other 
variables. 
The induction time is dependent on physical factors to some extent. The 
two main physical factors are particle size and liquid viscosity. Small particles 
have little effect on the induction time, while large particles increase the 
induction time because the extent of the three-phase contact that must be 
formed is increased. The liquid viscosity (and hence the temperature and 
pulp density) affect the rate of thinning of the film between the bubble and 
the particle. The higher the viscosity, the longer the induction time. Inertial 
effects due to system turbulence also play a part in determining the induction 
time. 
In an attempt to quantify the effect of streamlines on fine particles, Flint 
and Howarth (1970) defined the collision efficiency (E): 
E = Ns/Nr 
where Ns is the number of particles that actually collide with bubbles and 
_J 
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Nr is the number of particles that would collide with bubbles if the fluid 
streamlines were not diverted by the bubbles. 
Jiang and Holtham (1986) produced a correlation for E based on the 
particle size (dp) and the bubble size (db): 
E =k[dp/db]" 
where k and n are constants dependent on the bubble size, the value of 
n being less than 1 . 
Flint and Howarth assumed a bubble-particle collision to be a collision 
between two spheres and hence could be modelled by a collision between 
any two spheres. They used a system where particles were modelled by 
0.5 mm glass beads and bubbles by 13 mm nylon balls. The nylon balls 
were kept stationary and the glass beads circulated around them. It was 
found that there is a critical bubble-particle size factor (kb-pc) below which 
bubble-particle collisions cannot occur. In theory increasing kb-p should 
increase the collision efficiency. In practice this is observed up to a certain 
point, but generally it is found that smaller bubbles improve fine particle 
flotation. This anomaly arises because the calculations are not strictly valid 
for a flotation system. 
Ahmed and Jameson (1985) studied the effect of bubble size on the rate 
of flotation of spherical latex, zircon and quartz particles. Bubbles of a 
known size were generated by introducing the air through glass sintered 
discs of known porosity. It was found that there was an increase of up to 
100 fold when the bubble size was decreased from 655 µm to 75 µm for 
all three materials. 
The main reasons for the increased rate of flotation of fine particles with 
small bubbles are: 
• As the bubble size decreases the bubble surface area per unit 
volume of air increases and the rate at which the bubbles rise 
decreases. This increases the probability of bubble-particle colli-
sions. 
Chapter2 Pulp Zone Effects Page 26 
• Smaller bubbles have more linear streamlines which affect the 
particles less. 
• Smaller bubbles are more stable because they are .less susceptible 
to the internal stresses caused by the turbulence of the system. 
Frothers have the effect of lowering the surface tension of the liquid aiding 
in the formation of bubbles. Generally larger bubbles are stable at low 
frother concentrations and smaller bubbles are stable at high frother 
concentrations (Sutherland and Wark, 1955). Due to the lowering of the 
surface tension the frother also aids in the formation of a three-phase 
boundary and thus bubble-particle agglomerates (Leja and He, 1984). 
2.2.5 RESIDENCE TIME DISTRIBUTION MODELLING 
The two basic residence time distribution models are the plug flow reactor 
in which no mixing occurs and the completely-stirred-tank-reactor (CSTR) in 
which complete mixing occurs. To model situations between these extremes, 
models based on one or other of these base cases are used. 
The axial dispersion model (ADM) is based on the plug flow model with 
a dispersion coefficient (D) being introduced to account for mixing (Levenspiel, 
1972). The model is described by an unsteady state material balance 
equation for the tracer: 
where C is the tracer concentration, t is the time, u is the superficial velocity, 
e is the gas holdup and Xp is the axial distance along the column. The 
dispersion coefficient allows for mixing patterns anywhere between plug flow 
(D = 0) and mixed flow (D = oo). The exit age distribution function [E(0)] 
· for this model depends on the boundary conditions of the system. The 
simplest case, the open-open system where the tracer input and measure-
ment does not affect the mixing in the vessel: 
E(0) = 1 -exp[- (1 - 0)2 ] 
2vl1t0(D/uL) [ 40(D/uL)] 
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where 0 is the normalised time (th:), where t =volume of the vessel/volumetric 
flow rate. For this system the normalised variance (aa2) is given by: 
aa
2 
= ef/t2 =2·(0/uL) + 8·(D/uL)2 
where a2 is the variance. 
This model has been expanded to include an axial and a radial dispersion 
coefficient, which allows diffusion of material in all directions along the column 
(Eissa et al. 1971 ). This model yields the following unsteady state mass 
balance for the tracer: 
where Xp is the axial position and rp is the radial position and Dx and Dr 
are the axial and radial dispersion coefficients respectively. 
The tanks-in-series model accounts for incomplete mixing by having a 
series of perfectly mixed zones with N = · 1 for a CSTR and N = oo for a 
plug flow reactor (Levenspiel, 1972). The equation for this model is: 
E(0) = [N·(N·0)N'1/(N-1 }l)-exp(-N0) 
where N is the number of tanks-in:series, 0 is the normalised time (tit) 
where t = volume of the vessel/volumetric flow rate and E(0) is the exit 
age distribution function. The normalised variance (aa2) for this model is: 
aa2 = ef /t2 = 1 /N 
Buffham and Gibilaro (1968) point ·out that since the model has no physical 
significance there is no reason why only integer values of N should be 
allowed. They, therefore, propose a generalized equation to include positive 
real values as well: 
E(0) = [N·(N·0)N'1/r(N)],exp(-N0) 
where r(N) is the gamma function: 
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r(N) = of00 exp(-X)·XN-1 dx 
The tanks-in-series model may be expanded to cover residence time 
distributions which are not well modelled by only a series of well mixed 
zones. This is achieved by adding backmixing, bypassing or dead volume. 
to the model. 
Numerous methods of interrelating the model parameters of the tanks-in-
series model (N) and the axial dispersion model (D/uL) have been proposed 
(e.g. Kramers and Alberda, 1953; Trambouze, 1960). Levenspiel (1961) 
points out that the shapes of the E curves for these two models are not 
the same and simply matching the maxima and variances of the E(0) curves 
for these models can lead to errors. Riquarts (1981) has shown that N 
and D/uL are formally equivalent if the simplifying assumptions for the ADM 
discussed below are made. 
The most common model for the study of the residence time ·distributions 
of the collection (pulp) zone in column flotation cells is the axial dispersion 
plug flow model (Finch and Debby, 1990). This. model assumes: 
• No radial mixing occurs. 
• Flows caused by axial mixing can be represented by a diffusion 
type mechanism, and the diffusivity does not vary along the length 
of the reactor. 
• Fluid flow is in one direction (axial) only. 
• The fluid flow conditions are at steady state along the length of 
reactor under consideration ('infinitely' long reactor). 
Due to the boundary condition assumptions the model becomes invalid at 
larger values D/uL values. It has been suggested that D/uL value should 
not exceed 0.2 (Bischoff and Levenspiel, 1962). 
Levenspiel (1979) states that there is a large deviation from plug flow at 
D/ul values of 0.01 or larger, and under these conditions it is very important 
to identify correctly the proper boundary conditions at the input and outlet 
points of the tracer. The axial dispersion model has been adapted to deal 
with different boundary conditions, and equations for the variance (cre) are 
,,;.;.· ·.· .... 
~~~~~~~~~~~~~~~~~~~~~----------------------....,.j 
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available for systems with open or closed ends, or a combination of open 
and closed ends. If these conditions are not identified correctly then there 
can be a significant variation between the actual and the calculated D/uL 
values. It is often difficult to identify these conditions and they vary with 
the position of the detectors and the way in which the tracer is introduced 
(e.g. through the wall measurements as with isotopic tracers (open end), or 
conductivity of the tailing as with salt tracers (closed end); tracer introduced 
directly into the column (open end) or into the feed line (closed end), etc. 
Figure 2.4 shows some of the many possible boundary conditions that can 
arise with the axial dispersion model. It has also not been possible to 
obtain an analytical solution for the exit age distribution curve [E(0)] for any 
of the systems except the one with both an open inlet and an open outlet. 
For other boundary conditions the E(0) curve must be determined numerically 
(Levenspiel, 1972). These problems do not arise with the tanks-in-series 
model. 
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FIGURE 2.4 : Some of the Many Possible Boundary Conditions for 
the Axial Dispersion Model (After Levenspiel, 1972) 
Levenspiel (1979) also states that "If the flow deviates greatly from plug 
(D/uL large) chances are that the real vessel doesn't meet the assumptions 
of the model (a lot of independent random fluctuations). Here it becomes 
questionable whether the model should even be used. I hesitate when D/uL 
> 1 ". He also questions the use of the model on non-symmetrical curves. 
Furthermore, the assumption that no radial mixing occurs is unlikely to be 
true at larger Reynolds numbers (Re) where more turbulent conditions exist. 
This· makes the axial dispersion model unsuitable for scale-up purposes 
since: 
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Re = pudd11 
where p = fluid density, u = fluid velocity, de = column diameter and 11 = 
fluid viscosity. If it is assumed that all the conditions in Re except for the 
column diameter remain constant, then the turbulence in the column, and 
consequently the radial mixing, will increase as the column diameter 
increases. 
2.2.5.i RESIDENCE TIME DISTRIBUTION MODELS IN BUBBLE 
COLUMNS 
Mills and O'Connor (1990) have presented an in depth review of column 
flotation modelling. They que$t.ion the validity of column flotation models 
based on the axial dispersion model because the conditions found in the 
bubble columns that these models are based on differ significantly from 
those in column flotation cells. 
2.2.5.ia TWO-PHASE BUBBLE COLUMNS 
The dispersion model has been used to model bubble columns in both 
co-current and counter-current modes. Generally the gas and liquid rates 
in these columns are significantly higher than those of flotation columns, 
with the bubbles being an order of magnitude larger than those found in 
flotation columns. Flotation columns usually run with bubbles in the 0.5 to 
3 mm size range and with superficia·I gas velocities between 1 and 3 cm·s·1 
(Laplante et al., 1988). 
Laplante et al. (1988) categorised the work done on bubble columns into 
three sections according to superficial gas velocity (J9): 
• Jg < 0.5 cm-s·1 
• 0.5 < Jg < 3.0 Cm·s·1 
• Jg > 3.0 cm-s·1 
-:~ -... ~-·~;- - .... •"':'' .. ··· .~··- .. , ... ~-.--·---~-
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At low gas velocities (< 0.5 cm·s-1) the bubbles tended to rise in a plume 
at the centre of the column (Ulbrecht and Baykara, 1981 ). The bubbles 
were small and the dispersion coefficient was proportional to the rise velocity 
of the liquid associated with these bubbles. This result is to be expected 
because the laminar flow associated with these conditions prevents any 
significant radial mixing. Hence the dispersion model is a good model for 
these conditions. 
Ohki and Inoue (1970) conducted a series of tests in coJumns from 4 to 
16 cm in diameter and found that, at high superficial gas velocities (5 < Jg 
< 25 cm·s-1), the coefficient of dispersion (D) was directly proportional the 
gas velocity. Reith et al. (1968) determined dispersion coefficients in bubble 
columns with large superficial gas velocities (1 O < Jg < 45 cm·s-1) in columns 
with diameters ranging from 5 to 29 cm. They found that D was proportional 
to both J9 and de. It was also observed that slug flow occurred in this 
region and the system would therefore alternate between gas-dispersed and 
liquid-dispersed modes. Under these conditions the assumption of the axial 
dispersion model would definitely not hold. 
In the intermediate range where columns operate diffusion coefficients. 
have been determined by several researchers (Baird and Rice, 1975; Joshi 
and Sharma, 1979 and Joshi, 1980). Baird and Rice analysed several 
previous studies and showed that, for unbaffled columns, an isotropic 
turbulence model for D applies where the axial dispersion occurred by eddy 
diffusivity: 
Pm = Ud·(1 - pd/pc)·g 
D = 0.35·dc413·Jg113·g 
= 3.43·dc 413.Jg 1/3 
(Isotropic Turbulence Model). 
pd/pc :: 0 
(Bubble Column Model). 
where Kc = dimensionless constant, I = primary length parameter, Pm is the 
specific energy dissipation rate, Ud = the velocity of the dispersed phase, 
Pd = density of the dispersed phase, pc = density of the continuous phase, 
and g = the acceleration due to gravity. The models developed by the 
other researchers in this field are in good agreement with this model. 
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2.2.5.ib THREE-PHASE BUBBLE COLUMNS 
Three-phase bubble column systems have been studied by several 
researchers (e.g. Cova, 1966; Suganuma and Yamanishi, 1966; lmafuku et 
al. 1968). 
Cova obtained the dispersion coefficient for a two-phase system at various 
superficial gas velocities. Using this information together with the terminal 
settling velocity of. single particles in a stagnant liquid .he predicted a 
coefficient of dispersion for the solid phase. This study had several flaws 
which make its validity dubious: 
• The solid phase was assumed to behave in the same way as the 
liquid phase at similar gas velocities. 
• It was assumed that there was no interaction between the solid 
particles in the system. 
• The liquid in the bubble column was not stagnant and so the flow 
regime that the terminal solid settling velocity was based on was 
incorrect. 
• Insufficient experimental data was given to backup the assumptions 
made. 
An empirical correlation predicting the concentration distribution of solid 
particles in bubble columns with continuously circulating flow of liquid has 
been presented by Suganuma and Yamanishi. This study is, however, of 
limited value because the settling velocity and dispersion coefficient of the 
particles were not determined. 
lmafuku et al. studied continuous co-current flow in 5, 1 O and 20 cm 
pachuca tanks. High superficial velocities of both liquid and gas (2 - 1 O 
cm·s-1) were used to ensure that the solids remained suspended. Large 
particle (60 - 180 µm) were used, and the high gas rate caused the bubbles 
formed to be big (> 1 cm). For these conditions lmafuku et al. concluded 
that: 
• It was valid to apply the axial dispersion model to the slurry phase 
because there was a uniform radial distribution of solid particles 
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• The axial dispersion coefficient was the same for both the solid 
and liquid phases at the same gas velocity. 
The axial dispersion model is probably well suited to this system because 
in a C0°".urrent system with high liquid rates there should only be a small 
difference between the liquid and gas superficial velocities and hence little 
radial mixing. 
The presence of radial mixing in bubble columns is confirmed by Joshi 
and Sharma (1979), who postulate the presence of circulation cells within 
the column. Their model is based on a series of well mixed regions, with 
backmixing between the regions. 
Deckwer and Schumpe (1987) in their review of models in bubble columns 
also question the use· of the ADM in the light of the fluid mechanics in 
these columns. The ADM is a continuous gradient model and presupposes 
that turbulent eddies are small in comparison with the column diameter. 
This fluid flow regime is unlikely to be valid for the conditions found in a 
column with turbulent churning flow (column flotation cells), especially if there 
is a range of tiLJbble sizes present. The ADM and other single parameter 
models (tanks-in-series) cannot reflect the current state of knowledge of the 
fluid mechanics in bubble columns. 
2.2.5.ii RESIDENCE TIME DISTRIBUTION STUDIES IN COLUMN 
FLOTATION CELLS 
The early residence time distribution models for flotation columns were 
based on studies of bubble columns. Axial dispersion models were used 
and it was assumed that the dispersion coefficients for the solid (Op) and 
liquid (D1) phases were equivalent. 
Dobby and Finch (1985) used two 13 m columns, with diameters of 46 
and 91 cm to conduct the first investigation of the mixing characteristics of 
column flotation cells. The conditions used were typical of those found in 
flotation columns except for the pulp density, which was 2 - 3% solids. 
Fluorescein was used to trace the liquid phase, and manganese dioxide 
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(non-floatable) the solid phase. From these studies they concluded that the 
axial dispersion model could be used to model the collection zone, and 
there was little difference between the dispersion coefficients of the liquid 
and solid phases. It is probable that no difference was observed between 
the solid and liquid dispersion coefficients because the solids concentration 
was too low, and not typical of normal column conditions. Based on these 
studies and those done on bubble columns it was proposed that: 
Op = 01 = 0.063·dc 
This correlation was valid for columns larger than 20 cm in diameter 
operating at superficial gas velocities of between 1 and 3 cm·s·1• This model 
was subsequently extended using bubble column theory to cover columns 
of all diameters (Oobby and Finch, 1986b); 
Op = 01 = 0.063·dc·(J9/1.6}°"3 
In subsequent residence time distribution studies (Yianatos, 1987; Espi-
nosa-Gomez, 1987; Miszczak, 1987), it has been assumed that the dispersion 
coefficients for the solid and liquid phases are equivffiilent, and due to the 
difficulty of obtaining solid phase dispersion coefficients tests have· been 
based on liquid phase studies. 
Yianatos· ~t al. (1986b) in their study of apparent hindered settling of 
particles in a countercurrent. gas-liquid-solid column quantified the residence 
times of different sized particles in a flotation column. They quote the 
following ratios of the solids-to-liquid residence times ('tp/'t1) based on the 
study by Oobby and Finch (1985): 
dp (µm) 44 63 88 125 
'tp/'tl 0.77 0.71 0.58 0.48 
For small extents of dispersion (Levenspiel, 1972): 
ef /'t2 = 2·(0/ul) 
and from Oobby and Finch (1985): 
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'tp/'t1 = uv'(u1 + Up) where u1 + Up is the particle superficial velocity. 
thus if Op = 01 and L is constant then: 
or 
(O/ul) oc 't 
Thus the assumption .that the 0 values for the solids anp the liquid are 
equal (Op = 01) implies that the degree of mixing in the pulp zone is directly 
proportional to the residence· time in the pulp zone. Thus the degree of 
mixing should decrease as the particle size of the solids increases. This 
is in sharp disagreement with the work of Yianatos and Bergh (1991) who 
found the opposite trend. 
Laplante et al. (1988) developed an empirical correlation for the dispersion 
coefficient in column flotation cells .including the solids concentration (S): 
0 = 2.98·dc1 ·~ 1 ·Jg0 ·33.exp(0.025·S) . 
This correlation was based on liquid phase data from a number of worj<ers 
(Oobby and Finch, 1985; Yianatos, 1987; Espinosa-Gomez, 1987; Miszczak, 
1987). The result is very similar to that developed by Baird and Rice {1975) 
if the solids concentration is ignored. For the first time, the solids 
concentration is one of the parameters in the correlation, implying that Op* 01. 
A minor flaw in this model is that it predicts the largest dispersion coefficient 
with no solids present. This is clearly not the case as it has been found 
that two-phase systems give lower dispersion coefficients than three-phase 
systems (Yianatos and Bergh, 1991 ). This implies that there should be a 
low solids concentration which gives the largest dispersion coefficient. 
Xu and Finch (1991 a) propose the following correlation for the vessel 
dispersion number (O/ul): 
O/ul = 0.56·{(dc/Lc)·(J9/J1)·[(J9/e) + (JJ/(1 - e)]}0·41 
where de is the column diameter, Le ·is the column height, e is the gas 
hold-up and J9 and J1 are the superficial velocities of gas and liquid 
respectively. 
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This correlation includes a correction for the gas hold-up (e) in the system 
which is a definite improvement because the gas hold-up can be correlated 
to bubble size, which must be one of the parameters affecting the degree 
of mixing in the column. It is also recognised that the mixing is dependent 
on the aspect ratio of the column, and not merely its diameter. The 
differences in the solid and liquid phase mixing are, however, again ignored, 
and this assumption is questionable. It is also pointed out in the paper 
that, while the correlation holds well for laboratory scale _columns, the fit 
becomes progressively worse as the column diameter increases, although 
a good fit is claimed for D/ul values ranging from 0.08 to 1.1. 
Xu and Finch (1991 b) in their review of the use of the axial dispersion 
model in column flotation point out that care must be exercised when using 
this model at larger degrees of dispersion. Significant errors can arise if 
the boundary conditions are not correctly identified, or if the model 
assumptions are exceeded. They point out, however, that the model 
generally provides a good basis for scale-up, and that no ,better models are 
available for this purpose. 
Yianatos and Bergh (1991) have studied the effects of different particle 
sizes on the degree of mixing. in an industrial column flotation cell (0.91 m 
- in diameter by 12 m high) using isotopically labelled tracers. They found 
that there was an increase in D/ul with increasing particle size, a_nd that 
there was little difference in the degree of mixing between the liquid and 
the fine (- 38 µm) solids. They also found that the mean residence time 
of the solids in the column decreased as the particle size increased. This 
is probably due to increased gravitational forces. Examination of the data 
in this paper reveals D/ul values of 1.0 for the unsized feed, and 1 O for 
the coarse particle sizes (75 µm < dp < 150 µm). These values are clearly 
outside the range where the axial dispersion model holds. 
Mills et al. (1992) have correlated the data obtained by Yianatos and 
Bergh (op. cit.) and some laboratory scale column tests which they conducted, 
and have found that there was an exponential relationship between the 
particle size and the D/uL value in the collection zone. They also propose 
that the following models should be used for the collection zone: 
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de < 0.1 m 
0.1 m < de < 1.5 m 
1.5 m <de 
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Either the tanks-in-series, or the axial 
dispersion model - Little mixing. 
Axial ~ispersion model - Better fit. 
One CSTR - Well mixed zone. 
Mavros et al. {1989) proposed a tanks-in-series model with backmixing 
between the tanks. This model is similar to that proposed by Joshi and 
Sharma {1980). They postulate the following correlation between the vessel 
dispersion number and their model. 
(1 +2A.)/2N = D/uL 
wh~re A. is the backmixing parameter and N is the number of tanks-in-series. 
This would allow these parameters to be calculated from the variance of 
the response curve in a similar fashion to the vessel dispersion number. 
This is a more appropriate model to use for a column because it allows 
for internal recycling in the column. Although they do not propose any 
scale-up methodology using this model, they point out that by overlaying 
information about the solids concentration, gas hold-up and bubble size, a 
full scale model could be obtained. 
If a dispersion model is to be used then the model with both axial and 
radial dispersion should provide a better model for the processes occurring 
in the column. An analytical solution for this model is provided by Eissa 
et al. (1971 ): 
C/Co = (P/2S')exp[-P·(S'-Z)] 
where 
S' = [(2rp/de)2 + Z2] 112 
P = ude/4(Dx·Dr) 112 
Z = (2xp/de)·(Dr/Dx) 112 
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' 
C and Co are the concentration and the initial concentration respectiv~ly, 
Dr and Dx and the radial and axial dispersion coefficients respectively, rp 
and Xp are the radial and axial positions respectively, u is the superficial 
pulp velocity and de is the column diameter. 
The bubble size in the collection zone is ignored in most of the collection 
zone models, and it is likely to have a significant effect on the mixing in 
this zone due to the different rise rates and residence time distributions of 
different sized bubbles. Generally in scale-up the bubble size remains similar 
to that in the test column while the column diameter is increased. Yianatos 
and Levy (1989) points out that the degree of mixing that occurs with small 
bubbles in large columns is significantly larger than the degree of mixing 
that occurs in smaller columns with the same size bubbles. Thus large 
columns tend to have more mixed collection zones than small columns. 
This often leads to industrial scale flotation columns not performing to their 
design specifications. 
- .... _ - ~-·-·---..·-
r 
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2.3 EXPERIMENTAL METHODS 
2.3.1 BUBBLE SIZING SYSTEM 
A diagram of the system used to measure the bubble sizes is shown in 
Figure 2.5. The tests were conducted in the batch laboratory column cell 
used in the froth cutting tests which is described in section 3.4.2. The cell 
consisted of a perspex cylinder (25 cm x 6 cm) with a temperature jacket 
. -
and a magnetic stirrer-propeller system. The bubbles were generated using 
a sintered glass frit (porosity 2, pore diameter 40 - 90 µm) located near the 
base of the cell using air that had been presaturated with water. 
The bubble sizing system consists of a capillary tube with a belled end 
passing between two pairs of photo-cell - diode detectors. These detectors 
are mounted exactly 5 mm apart at right angles to each other. Bubbles 
are drawn up the tube under vacuum and are transformed from near-spheres 
into cylinders. As the bubbles pass the detectors they are monitored as a 
change in light intensity. This change arises from the different refractive 
indices and optical densities of the air-glass and liquid-glass boundaries. In 
order to obtain an accurate bubble size distribution about 3000 bubbles are 
sized. ·The bubbles are then collected in a gas burette so that the total 
volume of bubbles is known. 
Pulses are generated by the passage of the bubbles past the detectors. 
Due to the leading and trailing edges of the bubbles, these pulses are not 
sharp, but have rounded edges. To correct this, the pulses are fed into a 
circuit which generates sharp up-going and down-going spikes. These spikes 
are then used to generate square waves equivalent to the bubble velocity 
and the bubble length. The square waves are sent to the data capture 
system. 
The data capture system is based on the Motorola 6809 processor which 
controls the operation of a M6845 programmable timer. This timer has three 
independent channels, which are used to time the run, the length pulses 
and the velocity pulses. The length and velocity pulses are stored in memory 
along with the time at which they occurred. The capture system can have 
up to 56 kilobytes of memory (RAM) allowing about 7000 bubbles to be 
processed although the system used for these tests only had enough memory 
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for 4000 bubbles. It has been found that the system is capable of processing 
more than 50 bubbles per second. This speed is far in excess of typical 
operating conditions (about 20 bubbles per second). Details of the entire 
system are given in Appendix 1. 
At the end of a run the data is downloaded from the buffers of the data 
capture system to a micro-computer. The programme which is used to 
process the data calculates the bubble volume from the velocity and length 
data for each bubble. .The bubble volumes are then normali_sed with respect 
to the total volume collected. Since the total bubble volume is measured 
at normal pressure, the bubble diameters obtained are at atmospheric 
pressure. If the diameter is required at a given pressure then the gas law 
must be used to obtain it. This normalisation is necessary because a thin 
film of water coats the inside of the capillary making the effective capillary 
diameter difficult to calculate. The thickness of this film varies with the size 
of the bubble in the capillary, smaller bubbles and more viscous slurries 
have thicker films. 
Dunne et al. (1976) found that the applied vacuum and the geometry of 
the capillary bell can be critical factors in obtaining an accurate bubble-size 
distribution. If either of these parameters is incorrect bubble coalescence 
or breakage c~n occur in the capillary. A further explanation of these 
extreme conditions can be found in Appendix 1 . 
A portable version of the system with a submersible detector unit has 
been built. This unit has successfully been used to monitor the bubble size 
in several different systems including batch flotation cells, continuous flotation 
cells, column flotation cells, waste water treatment reactors and bacterial 
leach pachucas. With slight modification the dissolved oxygen can be logged 
at the same time as the bubble size is being measured (Randall et al., 
1989). This allows mass transfer coefficients to be calculated as a function 
of bubble size. Bubbles have been measured in pulp densities of up to 
30% solids. By changing the bore of the capillary a large range of bubble 
sizes have been measured (0.5 - 1 O mm). 
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2.3.2 RESIDENCE TIME DISTRIBUTION STUDIES 
A schematic diagram of the laboratory column flotation cell used in the 
solids residence time distribution tests is shown in Figure 2.6. The perspex 
column had a diameter of 5.4 cm and a height of 230 cm. A sintered glass 
frit of porosity 2 (pore diameter 40 - 90 µm) was used as the air distributor 
and micro-jets were used for the wash water. Variable speed peristaltic 
pumps were used to control the flow rates of the feed, tailings and wash 
water, while the air passed through a rotameter with a needle valve. 
WASH 
WATER CONCENTRATE I PULSE INPUT .,__ 
·~FEED-!~ 
TAILINGS 
WASH 
WATER 
i.-- AIR 
LIQUID TRACER SOLID TRACER 
FIGURE 2.6 : Schematic Diagram of the Equipment used in the 
Pulp-Phase Residence Time Distribution Studies 
Throughout the three-phase tests a gold-bearing pyritic ore from a South 
African gold mine (Unisel) was used. The collector used was sodium 
mercaptobenzothiazole (SMBT, 50 g/ton) and the frother Dowfroth 200 (a 
polypropylene glycol with a molecular weight of about 200, 25 ppm). Frother 
was added to both the wash water and the pulp. A reagent conditioning 
time of 1 O minutes was allowed, and the pulse injected after a further twenty 
minutes to allow the column to reach steady state (Schommarz, 1991 ). 
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The Unisel ore had a mean particle size (dso) of 18.1 µm and a sulphur 
grade of 1 .9 %. 
In the liquid studies both two- and three-phase systems were examined. 
The liquid tracer that was used was a 20 cm3 pulse of 3.50 molar sodium 
chloride solution. Conductivity cells located on the feed line, the concentrate 
line and the tailings outlet were used as detectors. 
The solid tracer was isotopically labelled gold present in the ore. The 
89Au191 isotope was chosen because it has a convenient half-life of about 
68 hours. The ore was irradiated a week before it was used to allow the 
short-life isotopes to decay to negligible levels. Each pulse consisted of 
7 g of ore at a pulp density of 50% solids and was introduced into the feed 
line using a syringe 20 cm before the feed point ·to the column. The 
isotopically labelled tracer pulses were conditioned in the same way as the 
feed slurry. 
Six geiger-counters were used as detectors, five on the column and one 
on the· feed line. The detectors on the column were labelled from 1 to 5 
with 1 at the top and 5 at the bottom (Figure 2.4). Detector 6 was located 
on the feed line. The signals from these detectors was logged directly to 
a personal computer. 
Samples of the concentrate and tailings were taken for each run just 
before the tracer was introduced to determine the grade, recovery and mass 
pull for the run. Once the tracer had been injected it was not possible to 
take any further samples due to radio-active contamination. This contami-
nation also made it impossible to do any tracer mass balances. 
It should be noted that the liquid tracer studies were conducted a few 
weeks after the solid tracer studies. The solid tracer studies were conducted 
in Pretoria and the liquid studies in Cape Town. It is therefore possible 
that some of the conditions (e.g. water quality, temperature, etc.) were not 
identical for both sets of runs. The differences between the solids and 
liquid behaviour reported in section 2.4.2, however, are far greater than the 
aforementioned differences. 
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Several different flotation parameters were studied and these are shown 
in Table 2.1. 
TABLE 2.1 Solids RTD Experimental Conditions 
RUN PARAMETER FEED PULP WASH AIR FLOW FEED FROTH ER FROTH 
NO VARIED RATE DENSITY WATER RATE FROM CONG DEPTH 
RATE STP TOP 
(cm/s) (%sol) (cm/s) (cm/s) (mm) (ppm) (mm) 
1 0.93 20 0.25 2.31 760 25 650 
2 FEED 0.84 20 0.25 2.31 760 25 650 
3 RATE 0.73 20 0.25 2.31 760 25 650 
4 0.63 20 0.25 2.31 760 25 650 
5 0.53 20 0.25 2.31 760 25 650 
6 0.73 20 0.29 2.31 760 25 650 
7 WASH 0.73 20 0.27 2.31 760 25 650 
8 WATER 0.73 20 0.25 2.31 760 25 650 
9 RATE 0.73 20 0.23 2.31 760 25 650 
10 0.73 20 0.20 2.31 760 25 650 
11 0.73 20 0.25 5.07* 760 25 650 
12 AIR 0.73 20 0.25 7.08 760 25 650 
13 RATE 0.73 20 0.25 4.51 760 25 650 
14 0.73 20 0.25 2.31 760 25 650 
15 0.73 20 0.25 1.69 760 25 650 
16 0.73 20 0.25 2.31 760 25 650 
17 FROTH ER 0.73 20 0.25 2.31 760 20 650 
18 CONG 0.73 20 0.25 2.31 760 15 650 
19 0.73 20 0.25 2.31 760 10 650 
20 PULP 0.73 20 0.25 2.31 760 25 650 
21 DENSITY 0.73 15 0.25 2.31 760 25 650 
22 0.73 10 0.25 2.31 760 25 650 
23 REPEATS 0.93 20 0.25 2.31 760 25 650 
24 0.73 20 0.20 2.31 760 25 650 
25 FROTH 0.73 20 0.25 2.31 980 25 910 
26 HEIGHT 0.73 20 0.25 2.31 980 25 780 
27 0.73 20 0.25 2.31 980 25 680 
* FIL TEA CLOTH SPARGER 
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2.4 RESULTS AND DISCUSSION 
2.4.1 BUBBLE SIZE MEASUREMENTS 
Unless otherwise stated the values of the various parameters in this study 
were as follows: 
Air rate: 1.6 l·min-1 
Axial position: 5 cm from frit 
Radial Position: Centre 
Air Pressure: Atmospheric 
Temperature: 20°C 
pH: Approximately 7 
Particle size: 70% < 75 µm 
Gas hold-up: 0.08 
2.4.1.i REPRODUCIBILITY 
Frother type: None 
Frother dosage: None 
Collector type: None 
Collector dosage: None 
Liquid: Tap water 
Solids: A pyritic ore 
Pulp density: 10% solids 
Two- and three-phase reproducibility studies were carried out to establish 
the precision of the results (Table 2.2). In an air-water system the mean 
bubble diameter was found to be 2.82 mm with an average standard deviation 
of 0.80 mm while in an air-water-quartz system the mean bubble size was 
3.09 mm with an average standard deviation of 0.92 mm. The standard 
deviation gives an indication of the distribution of bubble sizes. It was found 
that the reproducibility was excellent. In six repeat experiments for the 
two-phase system a mean bubble size of 2.822 mm (a = 0.015 mm) was 
recorded. The accuracy of this data is indicated by its proximity to the 
values expected for pneumatic spargers (Pryor, 1965). 
Tests were also carried out to establish the effect of the axial and radial 
position of the capillary in the cell on bubble size (Table 2.2). It was found 
that, for the column cell being used, these effects were negligible. There 
was a slight increase in size as the distance from the liquid surface decreased 
and this is ascribed to a bubble size gradient in the cell. The bubble rise 
rate is a function of the bubble size and thus bubbles of different sizes 
would have different residence times in the cell. The effects of coalescence 
appeared to be negligible. 
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TABLE 2.2 Effect of Capillary Position on Bubble Size 
PARAMETER VALUE 2-PHASE 3-PHASE 
MEAN STD. MEAN STD. 
SIZE DEV. SIZE DEV. 
(mm) (%} (mm) (%) 
A REPRODUCIBILITY * run 1 2.84 28.5 3.08 29.5 
run 2 2.83 28.6 3.10 30.0 
run 3 2.81 28.5 3.06 29.1 
run 4 2.82 28.4 3.11 30.5 
run 5 2.80 28.2 3.09 30.4 
run 6 2.83 28.6 3.08 29.9 
B RADIAL POSITION * r (side) 2.84 28.9 3.08 30.8 
1/2 r 2.80 27.5 3.11 30.5 
O (centre) 2.81 27.8 3.06 29.1 
1/2 r 2.83 27.9 3.09 30.1 
r (side) 2.82 28.7 3.07 29.6 
c AXIAL POSITION 5 cm from liquid surface 2.89 28.0 2.93 31.7 
1 O cm from liquid surface 2.85 28.4 2.91 31.6 
15 cm from liquid surface 2.82 28.0 2.91 31.3 
• Solids fraction used was quartz (70 % < 75 µm) 
2.4.1.ii EFFECT OF PHYSICAL PARAMETERS ON BUBBLE SIZE 
Table 2.3 shows the effect of various physical variables on the bubble 
size. In Table 2.3(A) the influence of air flow rate (superficial gas velocity 
J9) on bubble size can be seen. As the air flow rate increases the bubble 
size increases. The relationship between superficial air velocity and bubble 
size (db) was found to fit a simple power law relationship: 
where k = constant and x = 0.40 and x = 0.47 for the two- and three-phase 
systems respectively. Dobby and Finch (1986a) found a similar relationship. 
Table 2.3(8) shows the effect of using quartz of different particle sizes. 
In general the presence of the solid phase produced slightly larger bubbles. 
Fine particles (- 38 µm) produced bubbles smaller than those observed in 
the presence of coarse particles (+ 106 µm). These results are consistent 
with the findings of Dobby and Finch (1989). Hansford et al. (1976) showed 
that, for pyritic ores, viscosity increased as particle size increased. This 
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was due to increased shear between the particles and the liquid. Similar 
results were found by Marsden (1962). Clift (1991) points out that larger 
particles may cause bubble coalescence at the point of bubble formation. 
If a particle was located between two bubbles a sharp local curvature in 
the bubble surfaces would result, causing the water film to rupture and the 
bubbles to coalesce. 
TABLE 2.3 Effect of Physical Parameters on Bubble Size 
PARAMETER VALUE 2-PHASE 3-PHASE 
MEAN STD. MEAN STD. 
SIZE DEV. SIZE DEV. 
{mm) {%) {mm) {%) 
A AIR 0.59 cm/sec 2.36 25.8 2.34 31.2 
FLOW 0.71 cm/sec 2.54 26.0 2.54 31.5 
RATE 0.82 cm/sec 2.70 26.3 2.73 33.0 
0.94 cm/sec 2.84 28.2 2.91 33.0 
1.06 cm/sec 2.97 30.0 3.07 32.6 
1.18 cm/sec 3.10 31.0 3.22 33.2 
B PARTICLE unsized 3.08 28.8 
SIZE + 106 µm 4.00 30".5 
75-106 µm 3.63 30.3 
53- 75 µm 3.15 30.8 
38- 53 µm 2.95 29.2 
-38µm 2.71 29.2 
c ORE quartz 3.08 29.5 
TYPE pyrite 2.98 29.2 
pyritic gold ore 2.91 29.2 
D LIQUID Liquid Viscosity Surface Tension· 
VISCOSITY methanol 0.60 cP 22.61 dynes/cm 2.38 26.1 
AND benzene 0.65 cP 28.85 dynes/cm 2.50 26.0 
SURFACE water 1.03 cP 72. 75 dynes/cm 2.83 28.6 
TENSION ethanol 1.20 cP 22. 75 dynes/cm 3.15 31.1 
n-propanol 2.20 cP 23.78 dynes/cm 3.53 35.5 
n-butanol 2.95 cP 24.60 dynes/cm 3.69 32.5 
analine 4.40cP . 42.90 dynes/cm 4.05 31.6 
E PULP Density Viscosity 
DENSITY* 0% 1.03 cP 2.83 28.6 
10% 1.13 cP 3.08 29.5 
15% 1.20 cP 3.37 29.1 
20% 1.29 cP 3;75 30.1 
30% 1.54 cP 4.50 34.6 
F PULP Temp. Water Surface Viscosity 
TEMPERATURE, Tension 2-Phase 3-Phase 
SURFACE 16'C 73.3 dynes/cm 1.11 cP 1.28 cP 2.90 29.7 3.00 33.4 
TENSION 20"C 72. 7 dynes/cm 1.03 cP f.15 cP 2.83 28.6 2.93 30.3 
AND 30"C 71.2 dynes/cm 0.80 cP 0.90cP 2.74 27.0 2.91 22.6 
VISCOSITY 40"C 69.5 dynes/cm 0.65 cP 0.73cP 2.61 27.6 2.86 21.8 
•Solids fraction used was quartz (70 % < 75 µm) 
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Table 2.3(C) shows the effect of using different ores. The pyrite and 
pyritic ore were finer than the quartz (pyrite: 75% < 15 µm; pyritic ore: 75% 
< 20 µm; and quartz: 75% < 53 µm). The differences between the quartz 
and the other two ores can be ascribed to a particle size effect, but the 
pyritic ore and the pyrite are almost the same size. Since the pyrite ore 
consists m.ainly of quartz (2% sulphur), it is likely that the differences in 
bubble size between the pyrite and the pyritic ore are due to surface charge 
effects. The point of zero charge (PZC) of quartz occurs at a pH of about 
2 while the PZC of P.Yrite is around a pH of 7. Hansfo_rd et al. (1976) 
postulated the presence of an 'ionic cloud' around the particles which 
increased the effective diameter of the particles and hence the viscosity. 
The size of this cloud increased as pH increased. It is probable that the 
size of this 'ionic cloud' is a function of the particle surface charge, and this 
would change for different minerals. 
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FIGURE 2.7 Effect of Viscosity and Temperature on Bubble Size 
The effect of liquid viscosity (11) on bubble size can be seen in Tables 
2.3(D) and 2.3(F) and Figures 2.7 and 2.8. All the tests using liquids of 
different viscosities were carried out at 20°C, while the water viscosity was 
changed by changing the temperature. Also given in these tables are the 
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surface tensions for the liquid in contact with air. It has generally been 
found that low viscosities and surface tensions produce small bubbles, and 
in this case it is clear that as viscosity increased, larger bubbles were 
produced. This may be a result of liquid films forming faster at the point 
of bubble formation as viscosity decreases, trapping less air in each bubble 
and thus forming smaller bubbles. Dobby and Finch (1986a) showed that 
the bubble size (db) increases with the viscosity (Tt) of the liquid according 
to a power law: 
It was found in this study that this correlation between bubble size and 
viscosity for liquids was in good agreement with that proposed by Dobby 
and Finch (op. cit.) (this study: x = 0.26; Dobby and Finch: x = 0.25) but 
the value of x was significantly higher (x = 1.22) for the three-phase system. 
Clearly there are factors which affect the bubble size in three-phase systems 
other than pulp density and viscosity. 
5 30 
[J LIQUID VISCOSITY -0 a c 
4 ···•·· PULP VISCOSITY 25 r -0 
-
··•·· PULP DENSITY 0 a. 
0 20 m 
3 z >- CJ) 
f- 15 -I (/) 
-< 
0 tJ 
0 2 ?F. 
(/) 10 CJ) 
> ····· ··• ····· ~-······ 0 
r 
.. ~. ·. ·. :· 5 0 0. [J CJ) 
0 0 
2.0 2.5 3.0 3.5 4.0 4.5 
MEAN BUBBLE SIZE 
FIGURE 2.8 Effect of Viscosity and Pulp Density on Bubble Size 
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It has been shown (Weast, 1982) that the surface tension can be related 
to the viscosity for water, in the temperature range O - 100°C, by: 
11 = 0.0231 + 0.00083y 
1 - 0.0126y 
where y = surface tension. From the above correlation it is obvious that 11 
increases as y increases. From the liquid viscosity and surface tension data 
in Table 2.3(0) it is clear that the viscosity has the dominant effect in 
determining bubble size. Water has by far the highest surface tension of 
any of the liquids studied, and yet it produces relatively small bubbles. 
Surface tension does, however play a role in determining bubble size as is 
evident if benzene at 20°C and water at 40°C are compared. Both liquids 
have the same viscosity (0.65 cP), bu.t water has a higher surface tension 
and gives larger bubbles. The addition of frother also results in smaller 
bubbles by reducing the surface tension of the water without changing the 
viscosity [Table 2.4(A)]. Harris (1992) points out that it is the dynamic 
surface tension that has an effect on bubble size and that most surface 
tension measurements are made under static conditions. Care must 
therefore be exercised when relating static surface tension measurements 
to bubble sizes. It is, however, apparent that bubble size is a function of 
both the liquid viscosity and surface tension. 
Table 2.3(E) shows the influence of pulp density on bubble size. The 
viscosity of the pulp as calculated from Mooney's correlation (1951) is also 
shown. These results are plotted in Figure 2.8. For this system the following 
relationship between the bubble size and the pulp density was found: 
db = 2.814 + 0.0185·pp +0.00128·pp2 
where db is the bubble size and pp is it pulp density. 
Table 2.3(F) shows that the bubble size decreased as temperature 
increased for both the two- and three-phase systems. Since surface tension, 
like viscosity, decreases as temperature increases, the decrease in bubble 
size with increasing temperature seen in Figure 2.7 is expected. The data 
for the bubble size and viscosity of the water at different temperatures fits 
the bubble size - liquid viscosity relationship proposed above well. 
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2.4.1.iii EFFECT OF CHEMICAL PARAMETERS ON BUBBLE SIZE 
Table 2.4 shows the effect of chemical parameters on the sizes of bubbles. 
Figure 2.9 and Table 2.4(A) show that the presence of frother (Dowfroth 
250) reduces the size of the bubbles. This is due to a lowering of the 
surface tension by the frother. No surface tension data could be obtained 
for polyoxypropylene glycols (Dowfroth 200, 250, etc.), but the trends shown 
in Figure 2.1 O for polyoxyethylene derivatives should be analogous to those 
of polyoxypropylene derivatives. Dowfroth 250 contains _ 3 oxypropylene 
groups. If Figures 2.9 and 2.1 O are compared it can be seen that there is 
a marked correlation between the trends seen in the surface tension of the 
solution and the bubble size as the frother concentration increases . 
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FIGURE 2.9 Effect of Frother Concentration on Bubble Size 
Tables 2.4(8) and 2.4(C) indicate that neither collector type nor dosage 
has an effect on the bubble size. This was expected because the xanthate 
collectors used in this study have no frothing properties (Leja, 1982a). Table 
2.4(0) shows that the presence of frother was the dominant factor in 
determining bubble size when frother and collector were mixed with ore. 
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TABLE 2.4 Effect of Chemical Parameters on Bubble Size 
PARAMETER VALUE 2~PHASE 3-PHASE 
MEAN STD. MEAN STD. 
SIZE DEV. SIZE DEV. 
(mm} (%} (mm} (%} 
A FROTH ER Oppm 2.82 29.1 2.91 31.3 
CONCENTRATION 1 ppm 2.58 27.9 2.53 29.2 
(DOWFROTH 250} 2ppm 2.28 25.9 2.21 28.1 
3ppm 2.19 24.2 2.15 27.0 
4ppm 2.04 23.0 2.00 24.0 
5ppm 1.81 19.3 1.86 21.5 
6ppm 1.79 17.9 1.75 19.4 
7ppm 1.77 18.1 1.70 20.6 
8ppm 1.76 17.0 1.65 20.0 
9ppm 1.76 17.0 1.64 20.1 
10 ppm 1.76 17.0 1.64 20.1 
B COLLECTOR TYPE Sodium ethyl xanthate (SEX} 2.83 27.6 2.91 30.9 
{0.5 mmol/litre} Potassium amyl xanthate (PAX) 2.81 28.8 2.89 32.2 
Sodium n-octyl xanthate (SOX} 2.84 28.9 2.88 31.3 
c COLLECTOR 0.0 mmol/litre 2.83 27.6 2.91 31.3 
CONCENTRATION 0.5 mmol/litre 2.81 28.8 2.88 32.3 
(PAX) 1.0 mmol/litre 2.82 29.1 2.91 31.3 
D PULP None 2.83 27.6 2.89 31.5 
CONDITIONING PAX 2.81 28.8 2.91 32.0 
10 ppm Dowfroth 250 1.76 17.0 1.63 20.2 
PAX+ Dowfroth 250 1.76 17.0 1.62 20.4 
E pH 2 2.33 28.8 2.53 29.2 
(SULPHURIC ACID} 4 2.52 27.8 2.73 30.8 
(SODIUM HYDROXIDE} 6 2.66 28.9 2.90 31.0 
±7 2.83 27.6 3.10 29.4 
8 3.00 28.0 3.28 30.2 
10 3.21 28.0 3.45 31.9 
12 3.48 28.7 3.60 33.9 
F IONIC STRENGTH Solution Ionic Strength 
Distilled water 0.00 3.34 30.8 3.28 36.9 
Tap water 0.04 2.83 28.6 2.91 29.2 
0.1 molar KCI 0.05 2.70 28.5 2.87 31.4 
1.0 molar KCI 0.50 2.40 29.6 2.46 33.3 
The effect of pH on bubble size is shown in Figure 2.11 and Table 2.4(E). 
It can be seen that an increase in pH causes the bubble size to increase. 
It has been shown (Hoh et al., 1986; Weast, 1982) that surface tension 
increases as pH increases. Hansford et al. (1976) have shown that viscosity 
increases as pH increases due to the 'ion cloud' effect. This result is 
consistent with the observation that, in the case of pyrite, recovery decreased 
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at higher pH's (Fuerstenau, 1982; Dimou, 1986). Apart from the other effects 
associated with surface adsorption of the collector at these pH's it is also 
possible that the lower recoveries are due to the smaller total surface area 
and lower collection efficiencies (Anfruns and Kitchener, 1976). 
Table 2.4(F) shows that an increase in ionic strength leads to a decrease 
in bubble size. It has been shown that increasing the ionic strength increases 
the surface tension, but decreases. the kinematic viscosity (Weast, 1982). 
This seems to be anomalous with the observation that incre~sing the surface 
tension increases the bubble size, but Sutherland and Wark (1955) state 
that salt solutions have weak frothing properties. They also state that it is 
impossible to form froths in pure solutions. This is probably because ions 
are necessary to stabilize the bubble once it has formed. It .has, however, 
also been observed that high salt concentrations destroy the froth. Thus, 
it appears that, the presence of ions in solution in low concentrations leads 
to smaller bubbles with a larger bubble surface area and hence to a better 
collection efficiency. It can be seen from Figure 2.11 that increasing the 
ionic strength has the largest effect on bubble size at low ionic strengths, 
and this trend decreases and may even be reversed at higher ionic strengths. 
These observations are consistent with the findings of Barker (1986), who 
found that in many instances increasing the ionic strength increased the 
final recoveries in a pyrite-quartz system. 
Table 2.5 shows the effect of adding various ions to a solution containing 
potassium butyl xanthate. In these tests a sintered disc with smaller porosity 
(porosity 4, pore diameter 9 - 15 µm) was used, so the results cannot be 
directly compared with the other results in this study. Copper and lead ions 
lead to an increase in bubble size. This is thought to be due to the formation 
of ultra-fine hydrophobic precipitates of copper or lead xanthates which lead 
to bubble coalescence due to increased contact angle. The presence of 
zinc and iron ions led to a decrease. in bubble size. This decrease can be 
ascribed to the presence of ions in solution. These results compare well 
with those of Livshitz and Dudenkov (1965) who studied the same variables 
using a nephelometric and photographic method. 
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TABLE 2.5 Effect of Cation-Collector Interactions on · 
Bubble Size 
POTASSIUM MEAN BUBBLE DIAMETER (mm} 
BUTYL XANTHATE Cu (2+} Pb {2+} Zn {2+} 
CONCENTRATION 50 m 50 m 50 m 
0 1.70 1.70 1.69 
5 1.84 1.73 1.31 
10 1.84 1.77 1.24 
20 1.88 1.84 1.21 
30 1.99 1.90 1.20 
40 2.14 1.96 1.19 . 
50 2.24 2.04 1.19 
2.4.1.iv SUMMARY OF BUBBLE SIZE EFFECTS 
Page55 
Fe (2+} 
50 m 
1.67 
1.32 
1.28 
1.21 
1.24 
1.21 
1.21 
The relative effects of an increase in the various flotation parameters on 
bubble size are summed up in Figure 2.12. The values in this figure are 
approximate, because some of the pq.rameters do not display linear effects 
on bubble size, and are only meant to give a qualitative picture of these 
effects. 
AIR RATE -
PARTICLE SIZE -
VISCOSITY -
PULP DENSITY -
TEMPERATURE -
COLLECTOR CONC -
IONIC STRENGTH - i 
0 
RELATIVE CHANGE IN BUBBLE SIZE. 
FIGURE 2.12 Effect of Flotation Parameters ori Bubble Size 
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It can be seen that air rate has the greatest effect on the bubble size. 
Factors which affect the viscosity (particle size, pulp density, temperature, 
pH) play a large role in determining bubble size. The frother concentration 
affects the bubble size by lowering the surface tension and making smaller 
bubbles more stable, although the magnitude of this effect, like that of ionic 
strength, decreases as the concentration increases. 
2.4.2 RESIDENCE TIME DISTRIBUTION MODEL.LING 
Both solid and liquid tracer studies were carried out on three-phase systems 
and liquid tracer studies on two-phase systems. The primary aim of this 
study was to develop a residence time distribution model for the solid phase 
in a column flotation cell. Having developed this model, the solid phase 
behaviour was compared to that of the liquid phase and to existing models 
of the pulp zone in flotation columns. The model development was therefore 
based entirely on solid tracer data in three-phase systems, and the liquid 
tracer tests were carried out purely for comparative purposes. 
2.4.2.i SOLID .TRACER STUDIES 
A unique problem is posed when comparing a flotation column to a 
chemical reactor because there is one inlet and two outlets to the column. 
Classical chemical reactor models are not designed to handle this situation. 
It was thus decided to consider three independent systems, viz., the pulp 
zone, the froth zone and an unknown zone between them. Due to the 
unusual nature of the system it was difficult to carry out a mass balance 
of the tracer. This was because the concentrate and tailings became 
radioactive and could not be handled. Each detector also had its own 
sensitivity making it difficult to calibrate the detectors relative to each other. 
In order to overcome this problem the signals at each detector were simply 
normalised to give exit age distribution, E(t), curves. 
E(t) = Signal(t)/LSignal(t) 
This method is widely applied in industrial use of isotopic tracers to 
characterise flow patterns (Smith, 1989). 
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In choosing froth and pulp models it was important to note that only 
models with two or fewer model parameters could be used. Using more 
parameters would have over-specifying the system and made the parameters 
virtually meaningless. The reason for this was that the residence time 
distribution curves only had two measurable characteristics, viz., the peak 
height and the decay rate. 
The pulp zone was modelled using a standard tanks-in-series model 
(Figure 2.13). A tanks~in-series (T-1-S) model with a bypass_ stream on each 
tank provided a slightly better fit than the T-1-S model as did a tanks-in-series 
model with backmixing between tanks (the Mavros et al., 1989 model), with 
a decrease in the error of 0.4% or less. It was not felt that this slight 
increase in precision warranted the complication of adding an extra parameter. 
It is probable that a one parameter model provided a good fit because a 
small diameter column was used. A bigger column would be better fitted 
by a two parameter model (Deckwer and Schumpe, 1987). 
X(s) 
exp(-Ls) [Nt/(Nt + s)]N - A/s Y(s)_ :- - -
-Q Q Q Q 
FIGURE 2.13 Pulp Phase Model 
It was necessary to include two constant terms in the model; viz., a time 
lag and a step change (Figure 2.13). The time lag accounts for the period 
between the time the tracer pulse was injected into the line and the beginning 
of the output signals. This lag was caused by the necessity to introduce 
the tracer about 20 cm from the feed point to the column so that the tracer 
input point could be well shiel~ed from the .other detectors on the column. 
The step change was required because slight contamination of the column 
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occurred during the course of each run preventing the detector output signals 
from returning to their base levels. This contamination was constant at the 
end of a run, but increased slightly with each successive run because the 
walls of the column picked up a small radioactivity from the tracer. 
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FIGURE 2.14 : A Schematic Representation of the Residence 
Time Distribution Model 
The distortion of the residence time distribution of a system by a long tail 
is a problem often encountered in tracer studies. To overcome this problem 
a data manipulation technique suggested by Bryson (1970) was used. Since 
the data fits an exponential decay curve for some time period after the 
peak, a plot of the log of the E(t) data against time (t) will yield a straight 
line for this time period. The equation of this straight line is: 
ln[E(t)] = krt + ln(k) 
where kr and k are constants. After this time period there will be a deviation 
from the straight line due to the tail. In order to eliminate the increase in 
variance due to this tail, the data for the tail region is discarded and is 
replaced by the calculated data using the equation for the straight line above. 
This technique is shown graphically in Figure 2.15. 
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FIGURE 2.15 : The Elimination of a Long Tail Using an Exponential 
Function 
2.4.2.ia Calculation of Model Parameters 
The value of the pulp-zone model parameter (N, the number of tanks-in-
series) was calculated using the standard reactor design theory as shown 
below. The mean residence time in the reactor ('t) and the variance (ef) 
were calculated from the concentration (C) and time (t) data. 
t = L(C·t)/L(C) 
and 
The vessel dispersion number (D/uL) and number of tanks-in-series (N) 
were calculated from the relationships (closed inlet, open outlet vessel): 
cra2 = ef/'t2 = 1 /N : 2(0/uL) + 3(D/uL)2 
Chapter2 Pulp Zone Effects Page60 
This relationship is for fairly small extents of mixing (D/uL < 1) (Levenspiel, 
1979). 
The exit age distribution curve E(S) for the model was calculated from the 
equations given in. section 2.2.5, and the error between the experimental 
data and the model could then be found. 
Buffham and Gibilaro (1968) point out that using the variance of the E{0) 
curve to obtain N is sensitive to experimental error and using the normalised 
peak time {tpea1<) is more accurate. If the equation for E{0) in section 2.2.5 
is differentiated then: 
N = 1/(1 - tpeak) N ~ 1 
If N < 1 then the response at a fixed normalised time may be used to 
estimate N. It was found in this study that the use of the variance technique 
produced very similar values of N to the techniques described above. 
2.4.2.ib Choice of Tracer 
Levenspiel (1972) points out that any material that can be detected and 
does not disturb the flow pattern in the reactor may be used as a tracer. 
Ideally the tracer should perform in exactly the same way as the bulk material 
being measured and should not be absorbed· by the walls of the reactor. 
If only the flow regime in the reactor is to be measured, then the tracer 
should not interact with any other phases in the system, or else the 
combination of the interactions and the flow regime is measured. 
Unfortunately it it not possible ·to measure only the flow regime in a column 
because the phases do interact. There is a liquid film around both bubbles 
and particles and particles may either become attached to, or be entrained 
by bubbles. This does not detract from the validity of the experiments since 
it is the actual behaviour of the particles in the real system that is of interest. 
Thus it is the combination of the phase interactions and the flow regime 
that should be measured. 
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The tracer chosen for these tests should be representative of the behaviour 
of the material leaving the column in the tailings. This will be a combination 
of floatable and non-floatable material, with . the bulk being non-floatable 
particles. For this reason labelling the gangue would provide the best 
approximation to the behaviour of the solids in the collection zone. 
If, however, it is assumed that there is little detachment of floated material 
from bubbles then the behaviour of the hydrophobic and the hydrophillic 
material should be similar at the bottom of the column. · ~t the conditions 
of these tests with low bubble loadings and small bubbles Ross {1988) 
found that there was little detachment of floated particles from bubbles. The 
only other mechanism of bubble-particle interaction is entrainment which 
should affect all particles of the same size in a similar manner because 
entrainment is unselective. This of course does not account for the effects 
of density. Although pyrite is about twice as dense as quartz, the particle 
size is small enough for the density effects not to be very significant. The 
hydrophobic tracer should, therefore, provide a reasonable approximation of 
the behaviour of solids in the collection zone. 
This has recently been found to be the case by Mills et al. (1992) at the 
University of Cape Town. In some recent column residence time distribution 
studies isotopically labelled tracers of hydrophobic, hydrophilic, and liquid 
material were used (Table 2.6). 
TABLE 2.6 Comparison Between Hydrophobic, Hydrophilic 
and Liquid Tracer RTDs (Mills et al., 1992) 
t D/uL N 
(sec) 
HYDROPHOBIC TRACER 117 0.038 12.34 
HYDROPHILIC TRACER 97 0.041 11.62 
LIQUID TRACER 198 0.026 18.20 
There is a small difference between the hydrophobic and the hydrophilic 
tracers but this is probably due to the density difference between the pyrite 
(hydrophobic material) and the quartz (hydrophillic material). It is however, 
evident that the liquid RTD is very different to that of the solids. 
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2.4.2.ic Tracer Studies 
The pulse input in the feed line was assumed to be a o function input 
signal for the pulp zone. The actual input signal into the pulp would have 
a longer tail than the column feed signal due to the elutriation of entrained 
material from the froth, but this difference was assumed to be small due to 
the recycling of these particles within the column (section 3.4.2). It would 
be possible to use the output signal from detector 4 (half way down the 
pulp zone) as the input for detector 5 at the bottom of the. column, but the 
same problem of internal recycling would exist, and the information about 
the top half of the pulp zone would be lost. 
Five runs were done at the standard conditions (run 3) to determine the 
reproducibility of the tracer studies. In all cases the mean absolute deviation 
(MAD) between the experimental response curves and mean response curve 
for all the runs was less than 9% (Table 2.7). 
TABLE 2.7 Reproducibility Tests 
TEST DETECTOR3 DETECTOR4 DETECTORS 
NO. t MAD . VAR MAD t MAD VAR MAD t MAD VAR MAD 
(sec) (%) (%) (sec) (%) (%) (sec) (%) (%) 
1 . 70 4.5 1.507 5.0 83 1.2 0.754 6.5 136 1.4 0.427 2.8 
2 69 3.0 1.555 2.0 87 3.6 0.762 5.5 131 5.1 0.454 9.4 
3 63 6.0 1.671 5.3 81 3.6 0.864 7.2 ·143 3.6 0.380 8.4 
4 61 9.0 1.719 8.3 83 1.2 0.852 5.7 145 5.1 0.396 4.6 
5 72 7.5 1.484 6.5 86 2.4 0.798 1.0 135 2.2 0.417 0.4 
AVE 67 6.0 1.587 5.4 84 2.4 0.806 5.2 138 3.5 0.415 5.1 
t =MEAN RESIDENCE TIME MAD= MEAN ABSOLUTE DEVIATION VAR= VARIANCE 
From Table 2.8 it is evident thc;it the calculation of the number of 
tanks-in-series often yields values of less than 1 near the feed point (detector 
3). This implies that some short circuiting is occurring and the region should 
be modelled as a mixed tank with dead volume. This would result in an 
increase in the volume of the tank and consequently an increase in 't. This 
would lead to an increase in N because cr2 remains unchanged. 
The values of N in Table 2.8 show that the column was well mixed near 
the feed point (detector 3) and the flow regime tended towards plug flow 
near the bottom of the column (detector 5). It can also be seen that as 
Chapter2 Pulp Zone Effects Page63 
the mean residence time in the column decreased the degree of mixing 
'(1 /N) increased. 
TABLE 2.8 Pulp Phase Model Data 
RUN D~TECTOR 3 DETECTOR4 DETECTOR 5 
NO t D/ul N t D/ul N t D/ul N 
(sec) (sec) (sec) 
1 44 0.556 0.49 61 0.326 1.03 101 0.187 2.09 
2 57 0.507 0.56 73 0.308 1.11 118 0.174 2.28 
3 67 0.467 0.63 84 0.283 1.24 138 0.166 2.41 
4 81 0.433 0.70 91 0.273 1.30 163 0.160 2.52 
5 91 0.400 0.78 102 0.261 1.38 180 0.152 2.68 
6 47 0.564 0.48 58 0.370 0.87 107 0.199 1.94 
7 64 0.520 0.54 77 0.331 1.01 133 0.193 2.01 
8 67 0.467 0.63 84 0.283 1.24 138 0.166 2.41 
9 71 0.412 ·o.75 91 0.253 1.43 142 0.144 2.86 
10 76 0.390 0.81 96 0.233 1.59 150 0.128 3.27 
11 49 0.608 0.43 65 0.370 0.87 105 0.211 1.80 
12 16 0.808 0.28 72 0.344 0.96 131 0.179 2.20 
13 38 0.549 0.50 83 0.310 1.10 135 0.173 2.30 
14 67 0.467 0.63 84 0.283 1.24 138 0.166 2.41 
15 85 0.383 0.83 86 0.267 1.34 150 0.130 3.21 
16 67 0.467 0.63 84 0.283 1.24 138 0.166 2.41 
17 64 0.442 0.68 80 0.298 1.16 132 0.169 2.36 
18 61 0.416 0.74 78 0.331 1.01 129 0.175 2.26 
19 60 0.41~ 0.75 81 0.319 1.06 123 0.176 2.24 
20 67 0.467 0.63 84 0.283 1.24 138 0.166 2.41 
21 22 0.638 0.40 43 0.336 0.99 98 0.234 1.58 
22 16 0.808 0.28 40 0.364 0.89 81 0.273 1.30 
23 48 0.549 0.50 64 0.331 1.01 106 0.182 2.16 
24 80 0.390 0.81 97 0.237 1.56 153 0.127 3.30 
25 160 0.344 0.96 25 0.495 0.58 97 0.283 1.24 
26 89 0.393 0.80 22 0.478 0.61 98 0.263 1.36 
27 68 0.467 0.63 20 0.472 0.62 100 0.271 1.31 
t = Mean Residence Time D/uL = Vessel Dispersion Number 
N =Number of Tanks in Series 
Figures 2.16 and 2.17 show the age distribution curves in the pulp, which 
are based on detectors 4 and 5 respectively. Also shown are the E(t) 
curves predicted by the model. The mean absolute deviation of the model 
from actual behaviour of the pulp was less than 5% in all cases. 
It was concluded from the values of the vessel dispersion numbers in 
Table 2.8 that the axial dispersion model was not the best model for the 
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pulp zone. The reason for this is that, while the vessel dispersion numbers 
at the tailings exit are generally well within the recommended limits (0.2, 
Bischoff and Levenspiel, 1962), the value half way down the column are 
significantly higher and often greater than the recommended values. It 
appears, as expected, that the length to diameter ratio (Lddc) of the column 
has a large effect on the mixing in the column.. This implies that 011 large 
scale columns the high degree of mixing that would be encountered in the 
pulp zone would invalidate this model. Most of the values of D/uL quoted 
by Laplante et al. (198B) are greater than 0.2 with the maxir:num being 0.97. 
These values are for liquid tracer studies in· columns up to 1.03 m in 
diameter. In this study it has been found that the D/uL values for liquid 
are significantly lower than those for the solids, implying that the D/uL values 
in plant scale columns could often be larger than 1. 
The tanks-in-series model does not suffer from the limitations of the axial 
dispersion model and, moreover, it describes the residence time distributions 
found in the pulp zone well. Future. models for. the pulp zone should 
therefore be based on the tanks-in-series model rather than the axial 
dispersion model. 
Joshi and Sharma (1979) in their study of the fluid flow regime in bubble.,, 
columns found that the circulation in a column did not extend over the whole 
length of the column, but was broken down into circulation cells in the axial 
direction (Figure 2.18 A). These circulation cells can be viewed as a series 
of well mixed zones, or tanks-in-series. The height of each circulation cell 
was determined by seeking the minimum eddy intensity and was found to 
be equal to the diameter of the column (de). This was true for a wide range 
of column diameters, column heights and gas flow rates. 
It is dangerous to make direct comparisons between bubble columns and 
flotation columns because the conditions in the two types of column are 
usually quite different (gas rates are generally much higher, flow is usually 
cocurrent, etc. in bubble columns). The concept of the number of mixed 
regions in the pulp zone being related to the column diameter, however, 
should hold for flotation columns and would provide a good basis for scale-up 
using a tanks-in-series model. The column diameter is already used as 
one of the parameters for scale-up with the axial dispersion model (Finch 
and Dobby, 1990). 
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The model proposed by Mavros et al. (1989) uses a series of well mixed 
zones with backmixing between adjacent zones (Figure 2.18 B) to desc~ibe 
the mixing found in the pulp zone. Deckwer and Schumpe (1987) found 
that ·it was not possible to describe the fluid flow regime in large bubble 
columns using a single parameter model, and this is also likely to be true 
for larger flotati"on columns. Thus the model proposed by Mavros et al. (op. 
cit.) is likely to provide a better fit for the data obtained from columns with 
larger diameters than a simple tanks-in-series model. The model parameters 
(N and A.) have been related to the vessel dispersion number (D/uL) by . 
Mavros et al. so that the existing scale-up methodology can be applied. 
Since this effectively reduces the model back to a single parameter model, 
it is felt that a better way using the model for scale-up would be to relate 
·the model parameters to the length and diameter of the column (Le and de). 
A model based on a series of well mixed zones which incorporates air flow 
rate, pulp density, particle size, etc. analagous to the models proposed using 
the axial dispersion model could then be obtained. 
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TABLE 2.9 : Variation of Pulp Zone Mixing with Column Height 
RUN DETECTOR 4 DETECTOR 5 
- -
NO t NdJLP t NdJLP N4/Ns 
(sec) (sec) 
1 61 0.087 101 0.078 1.11 
2 73 0.094 118 0.085 1.10 
3 84 0.105 138 0.091 1.16 
4 91 0.110 163 0.095 1.16 
5 102 0.116 180 0.100 1.16 
6 58 0.073 107 0.072 1.01 
7 77 0.085 133 0.075 1.13 
8 84 0.105 138 0.091 1.16 
9 91 0.121 142 0.107 1.13 
10 96 0.134 150 0.123 1.09 
11 65 0.073 105 0.067 1.09 
12 72 0.081 131 0.083 0.98 
13 83 0.093 135 0.086 1.08 
14 84 0.105 138 0.091 1.16 
15 86 0.113 150 0.120 0.94 
16 84 0.105 138 0.091 1.16 
17 80 0.098 132 0.088 1.11 
18 . 78 0.085 129 0.084 1.01 
19 81 0.089 123 0.084. 1.06 
20 84 0.105 138 0.091 1.16 
21 43 0.084 98 0.060 1.41 
22 40 0.075 81 0.049 1.54 
23 64 0.085 106 0.081 1.05 
24 97 0.132 . 153 0.125 1.06 
25 25 0.075 97 0.055 1.36 
26 22 0.078 98 0.060 1.30 
27 20 0.080 100 0.058 1.37 
-
N = Number of Tanks-in-Series t = Mean Residence Time 
N4 = N for the Top Half of the Pulp Zone de= Column Diameter 
N5 = N for the Whole of the Pulp Zone L,, = Length in the Column 
Table 2.9 gives the number of tanks-in-series, normalised with respect to 
column length and diameter, for detectors 4 (half way down the column) 
and 5 (bottom of the column). From the ratio of the normalised N values 
for detectors 4 and 5 it can be seen that the degree of mixing is reasonably 
constant throughout the pulp phase under most conditions. 
On the basis of the work done by Joshi and Sharma (1979), it is proposed 
that the length of the pulp zone should be converted into a dimensionless 
quantity by dividing it by the column diameter (i.e. Lp/dc). The number of 
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tanks-in-series should then be divided by this new dimensionless length to 
obtain a new mixing parameter (N·dcllp) which is independent of the column 
diameter. This would allow the tanks-in-series model (Figure 2.18 C) to be 
used for scale-up purposes. More work using columns of different diameters 
needs be done to check that this new mixing parameter (N·dcllp) can be 
used to correlate the mixing in different size columns. Correlations using 
the tanks-in-series model as a measure of pulp zone mixing, analogous to 
those developed using the axial dispersion model (e.g. Laplante et al., 1988) 
could then be obtained, e.g.: 
N = fn(dc/Lp,Jg,e,S,dp) 
It must be noted that while the ADM is not the best model to use for the 
pulp zone, it often fits the data well and to date provides the only scale-up 
methodology. The parameters in the tank-in-series model and the ADM 
are, furthermore, essentially equivalent. 
2.4.2.ii LIQUID TRACER STUDIES 
Two- and three-phase residence time distribution studies of the liquid 
phase were carried out using a liquid tracer (Mills and O'Connor, 1990). 
The results of these tests can be seen in Table 2.10 and Figures 2.19 and 
2.20. It was found that a good 8 function pulse input could be achieved 
and the reproducibility was excellent with mean absolute deviations between 
the pulses of less than 5%. Good reproducibility was also achieved in the 
RTD tests. 
TABLE 2.10 : Comparison Betweem Solids and Liquid Residence 
Time Distributions (Mills and O'Connor, 1990) 
PARAMETER SOLIDS LIQUID 
2-PHASE 3-PHASE 
MEAN RESIDENCE TIME (sec) 138 155 152 
VARIANCE 0.41 0.12 0.13 
VESSEL DISPERSION NEMBER (D/uL) 0.164 0.064 0.070 
NUMBER OF TANKS IN SERIES (N) 2.41 8.33 7.98 
No tracer was detected in the concentrate. This is to be expected because 
any feed water in the concentrate would have to be entrained, and the wash 
water should prevent this from happening to any significant extent. 
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The mean residence times and variances for the liquid phase in the pulp 
for two- and three-phase systems were very similar and it is probable that 
these differences lie within the bounds of experimental error. Slight 
differences may have been due to the increased settling rate of the solids 
compared to the liquid or to the volume of the solids in the pulp for the 
three-phase case. Only one pulp density (15% solids) was examined, but 
these values should only change slightly at other pulp densities (Laplante 
et al., 1988). In previous studies (e.g. Dobby and Finch, 1985, & 1986b) 
pulp density has not. been included as a parameter in _the correlations 
. proposed. 
From Table 2.1 O and Figure 2.19 it can be seen that there are significant 
differences between the behaviour of the solid and liquid phases. Although 
there is little difference between the mean residence times of the solid and 
the liquid phases (about 10%), the shape of the E(t) curves are very different. 
The liquid flow regime is far closer to plug flow than that of the solids. This 
is to be expected because the bubbles interact with the particles causing 
them to become more mixed. Thus it is not possible to ascertain the 
residence time distribution of the solids by studying the liquid phase. 
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FIGURE 2.19 : Comparison Between the Residence Time 
Distributions of the Solid and Liquid Phases 
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2.4.2.iii COMPARISON WITH LITERATURE CORRELATIONS 
Figures 2.20 and 2.21 show the trends in D/ul values with superficial air 
rate and pulp density respectively. It can be seen that the air rate has a 
far smaller effect on the liquid phase than on the solid phase. This reinforces 
the conclusion that it is bubble-particle interactions that are responsible for 
the differences in the degree of mixing between the solid and the liquid 
pha~es. 
It can be seen that Dobby and Finch's (1985) initial correlation predicted 
the opposite trend to the results of this study because the air rate was not 
taken into account in the calculation of the vessel dispersion coefficient. As 
air rate increases D remains constant, but u increases because the effective 
area· of the column (for liquid flow) decreases as the air hold-up increases 
and hence D/ul decreases. 
The other correlations (Dobby and Finch, 1986 and Laplante et al., 1988) 
follow the same trend as the solid tracer study, and the differences observed 
may be due simply to different equipment and experimental conditions. 
Laplante's model provides the best fit for the data. 
From Figure 2.20 it can be seen that neither of the correlations proposed 
by Dobby and Finch (1985, 1986b) show any _change in the vessel dispersion 
number as the solids concentration changes. No significant change in D 
was observed in the liquid tracer studies as the pulp density increased from 
O to 15% solids indicating that the liquid phase is relatively unaffected by 
the presence of solids. Thus since Dobby and Finch's correlations are 
based on liquid phase data no change in the vessel dispersion number 
would be expected as the pulp density increased. 
The correlation proposed by Laplante et al. (1988) gives the correct trend 
for higher pulp densities (> 10% solids), but predicts the highest values of 
D for the two-phase system. The data from this study indicates that the 
two-phase system has the lowest vessel dispersion number. It appears that 
there is a maximum value of D at a low pulp density, when there is maximum 
bubble-particle interaction. At higher pulp densities one of several effects 
may occur e.g.: 
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• Inter-particle interactions hindering bubble-particle contacts. 
• The increased viscosity slowing the formation of bubble-particle 
agglomerates. 
• An increase in bubble loading, slowing the bubbles' rise velocity 
and decreasing the opportunity for entrainment. 
2.4.3 EFFECTS OF FLOTATION PARAMETERS.ON THE 
RESIDENCE TIME DISTRIBUTION IN THE PULP 
Figure 2.22 gives a qualitative impression of the effects of increasing the 
flotation parameters considered in this study on the mean residence time 
and degree of mixing (1/N) in the pulp. Again, since many of the effects 
are not linear, this figure is merely designed to give an impression of the 
magnitude of the changes without putting any value to them. 
FEED RATE 
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AIR RATE - MEAN RESIDENCE 
TIME 
~~*:m DEGREE OF ;:;:;:;:;:;:;:;:~ 
FROTHER CONG MIXING 
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FIGURE 2.22 Effect of Flotation Parameters on Residence Time 
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It can be seen that in all cases parameters which increase the mean 
residence time of the solids in the pulp decrease the degree of mixing in 
the pulp and often the relative magnitude of these effects are similar. A 
possible reason for this is the development of flow channels within the 
column which cause some short circuiting and mixing of the solids in the 
pulp zone. Short circuiting in a reactor implies that the reactor has some 
dead volume, and thus the effective volume of the reactor decreases. This 
decrease in effective volume obviously results in a decrease in mean 
residence time. 
The decreases in the mean residence times of the solids in the pulp as 
the volumetric feed rate and the wash water rate increased were expected 
because of the increased downward bias in the column. The increased 
residence time of the solids as pulp density increased was probably due 
particles hindering each other, and to the increase in viscosity. These 
factors would also inhibit mixing. It can also be seen from Figure 2.12 that 
increasing the pulp density increases the bubbles size, thus decreasing the 
degree of mixing and gas hold-up and increasing the effective column 
diameter. 
Only the solids feed rate changes when the pulp density changes, whereas 
feed rate and the wash water rate affect the volumetric feed rate to the 
column. The volumetric feed rate affects the solid and liquid feed rates 
without affecting the pulp density, while the wash water rate affects the feed 
rate of liquid and the pulp density without affecting the solid feed rate. 
These facts allow some conclusions to be drawn about the residence time 
distribution in the pulp zone of the column: 
• If the residence time distribution of the solids and liquid were the 
same, then no change should be observed as the pulp density 
changes because the volumetric feed rate would remain constant. 
This is clearly not the case. 
• It appears that the major effects that the wash water rate has on 
the pulp phase is to decrease the pulp density and increase the 
bias ratio. If the decrease in pulp density due to the additional 
wash water is considered, then the magnitudes of the changes to 
the mean residence time and degree of mixing cause by varying 
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these two factors are similar to those observed by changing the 
pulp density and increasing the volumetric feed rate. 
• To achieve a given solid feed rate it is preferable to increase the 
pulp density rather than the volumetric feed rate (within certain 
limits) because this increases the residence . of the solids in the 
column. 
• A comparison of the feed rate and wash water rate trends shows 
that the degree of mixing of the solids in the column is most 
. . 
affected by the solids feed rate, while their residence time is 
determined to a large extent by the pulp density. 
It .can be seen that increasing the air rate has little effect on the residence 
time distribution in the pulp. Figure 2.11 shows that increasing the air rate 
has a significant affect on the bubble size. McKay et al. (1988), ·showed 
that the air rate had a far greater effect on the bubble size than on the 
gas holdup in columns using conventional spargers. This is because the 
increase in bubble volume is countered to a large extent by an increase in 
bubble rise rate and hence a decrease in bubble residence time. Larger 
bubbles tend to entrain more solids than small bubbles and hence would 
promote better mixing and longer residence times due to internal recycling. 
The changes observed in the residence time distribution as the air rate 
increases are probably due to a combination of these effects. 
Figure 2.9 shows that increasing the frother concentration above 1 O ppm 
has little effect on the bubble size. It ·is, therefore, expected that there 
should be little change in the residence time distribution as the frother 
concentration increases. The small changes observed are thus probably 
only due to a slight change in bubble size. 
The changes observed in the pulp residence time when the froth height 
is increased are the result of decreasing the volume of the pulp zone and 
moving the feed point lower. The overall length of the column was not 
changed, thus the pulp zone was shorter and the Lp/dc ratio of this section 
of the column decreased. 
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2.5 SUMMARY 
A system has been developed to measure the sizes of bubbles in both 
two- and three-phase systems in a column flotation cell. The system provides 
statistically meaningful bubble size distributions with excellent reproducibility 
because about 3000 bubble are sized in each test. 
It has been found that the bubble size in a column cell is primarily 
dependent on the viscosity and the surface tension of the system in which 
the bubbles are measured. These two factors are related, and affect the -
rate at which liquid films form around bubbles and the stability of these 
films. Increasing the viscosity or the surface tension, either directly or 
indirectly causes an increase in bubble size. 
An increase in bubble size was caused by: 
• An increase in air rate. 
• An increase in particle size, and hence indirectly viscosity. 
• An increase in viscosity. 
• Changing the surface charge on the particles. This causes a 
change in viscosity due to ionic effects. 
• A decrease in temperature. 
• An increase in pulp density. 
• A decreasing the frother concentration. This effect is most marked 
at low (< 5 ppm) frother concentrations. 
• An increase in pH. This causes a change in viscosity due to 
ionic effects. 
• A decrease in ionic strength. This is thought to make the bubbles 
unstable. 
• The presence of ultra-fine metal-xanthate precipitates. These 
cause bubble coalescence. 
Xanthate collectors were found to have no effect on bubble size. 
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The residence time distributions of the solid and liquid phases in the pulp 
zone of a column flotation cell have been studied using an isotopically 
labelled tracer for the solids and a salt solution to trace the liquid. The 
reproducibility of the system was good with a mean absolute deviation of 
less than 9% in all cases. 
A tanks-in series model was found to provide a good fit for both the solid 
and liquid phases in the pulp zone with the mean absolute deviation between 
the experimental data and the model always less than 5%. 
The axial dispersion model should not be used to model the solid phase 
in the pulp zone because the D/ul values are often too high for the 
assumptions made in the model to be valid. These D/ul values will increase 
as the Lcldc ratio of the column decreases causing errors in scale-up. 
There was a significant difference between the residence time distributions 
of the solid and liquid phases with the solids being more mixed. Thus 
correlations predicting solid phase behaviour from liquid phase data should 
be avoided. For the liquid phase residence time distributions there was 
little difference between two- and three-phase systems. 
It was found that factors which increased the mean residence time in the 
column decreased the degree of mixing in the column. 
The pulp density tended to have the largest effect on the mean residence 
time in the collection zone of the column, while the solids feed rate had 
the biggest effect on the degree of mixing in this zone. 
It was found that the air rate and frother concentration had little effect on 
the residence time distribution in the pulp zone of the column. 
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Chapter 3 
FROTH ZONE EFFECTS 
. 3.1 INTRODUCTION 
In the early 1900s when froth flotation first came into vogue in the minerals 
industry the froth zone in flotation was thought to have little importance and 
· was merely a medium of transportation for the concentrate from the pulp 
into the launder (Taggart, 1921 ). Concepts of the function of the froth have 
progressed markedly since then, but the froth still remains difficult to quantify, 
especially at the froth micro-kinetic (sub-process) level. Individual froth 
sub-processes are invariably difficult to distinguish and measure, and are 
often subtle or specific to one particular system. 
When it comes to column flotation froths, matters are further complicated 
by the depth of the froth.- Several different zones have been reported, and 
the addition of wash water is a variable not encountered in normal flotation 
processes. Due to the height of the froth it is very important to identify 
correctly the fluid flow regime in the froth and to distinguish between the 
behaviour of the various phases in froth. 
The aim of this study was to better quantify the processes occurring in 
flotation froths, especially column flotation froths. This chapter describes 
_and discusses the results of four studies: 
• froth stability tests, in which maximum froth height is used as a 
method of determining the stability of the froth. These tests were 
aimed at quantifying the effects of flotation parameters, especially 
particle size and hydrophobicity on bubble coalescence and froth 
drainage; 
• batch froth splitting tests in which the effects of flotation variables 
are quantified as a function of height in the froth to gain some 
insight into the processes occurring at different levels in the froth; 
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• continuous froth splitting tests designed to quantify froth effects 
while simulating more closely actual column operation. A further 
aim of these tests is to compare the froth in non steady-state 
(batch) and steady-state (continuous) operation; and 
• resid~nce time distribution studies of the froth phase in a laboratory 
column cell using a solid floatable tracer to determine the fluid 
flow regime of the solid phase in the froth and to compare it to · 
the plug flo~ and completely mixed regimes postulated in the 
literature. 
There are four sections in. this chapter. In the first section the literature 
is discussed with special emphasis on the development of froth models. 
This is followed by a discussion of the apparatus and experimental methods 
used in each of the four tests programmes. The results are discussed, 
followed by a summary at the end of the chapter. 
( 
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3.2 THEORY 
3.2.1 THE FROTH PHASE OF FLOTATION 
A flotation system consists of two basic interacting systems; the pulp zone 
and the froth zone. Much work has been done on the pulp zone (Mays, 
1979). This includes investigation of physical factors such as cell dimensions 
and degree of turbulence and chemical factors like collector adsorption and 
pH. The froth zone however still presents an important area of potential 
investigation as little work has been done on this zone. Mays (1979) 
proposes two explanations for this: Firstly, the complexity of the sub-
processes involved makes their investigation an unattractive proposition, best 
ignored, and secondly, the need to gain more insight into the equally important 
processes occurring in the pulp. 
A good froth should be stable enough so as not to allow floated mineral 
particles to be dropped back into the pulp, but it must allow gangue drainage 
and must break' readily for further treatment. A flotation froth is a complex, 
thermodynamically unstable, physico-chemical system. Its stability is deter-
mined by the rate and degree of liquid drainage from the inter-bubble films 
and subsequent bubble coalescence. This rate of thinning is influenced by 
a number of factors including liquid viscosity, particle size and hydrophobicity, 
bubble size and frother surface activity. 
Most of the analyses performed thus far on flotation froths have been on 
a macro-kinetic level where the froth is examined as a whole, for example, 
the rate of concentrate production is assumed to be a function of the tailings 
.concentration. Little understanding has so far been achieved on the 
micro-kinetic level because few methods exist for monitoring the sub-
processes occurring in the froth. Most of the methods that do exist for 
quantifying the froth are complicated or require specialised equipment. For 
example Woodburn et al. (1989) used fibre optics and a high speed video 
camera linked to a powerful computer to analyse coal flotation froths. 
The need to use assumptions of completely mixed or plug flow for the 
froth so that some degree of analysis can be performed tends to overshadow 
the effects of some of the parameters affecting the froth. In the words of 
f.v1ika and Fuerstenau (1969): "The absence of a detailed representation of 
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froth sub-processes frustrates the attempts to arrive at a complete microscopic 
model of the overall flotation process ... ". 
Models of flotation range from simple macro-kinetic models (Bushell, 1962) 
to more complex models (eg. King 1970). Here air rate, froth effects, particle 
size and composition and bubble loading are taken into account. Harris 
(1976) proposed an improvement to the ideal mixing assumption by 
introducing a recycle model. Woodburn et al. (1976), in his comprehensive 
review of flotation models proposed a complete model, but its complexity 
and the large number of variables involved make its analysis virtually 
impossible. It is, however, generally agreed that the processes occurring 
in flotation are linear and can best be represented by first order kinetics 
(Ball and Fuerstenau, 1974). 
3.2.2 DEEP FROTH EQUIPMENT 
Several pieces of equipment have been developed for sampling flotation 
froths. Most revolve around the concept of an 'equilibrium froth'. The froth 
is not removed from the cell as it is generated, but is allowed to build up. 
At a given time the froth is sampled or partitioned and then analysed. The 
purpose of these equilibrium froths was to allow the rate of transfer of 
material into and out of the froth to reach a steady-state, thus simplifying 
later analysis. Deep froths also allow the study of froth drainage and 
entrainment because these processes become more apparent as froth height 
increases. Using the equilibrium froths does not accurately simulate normal 
flotation because standard flotation froths do not have time to reach 
equilibrium. They do however provide a valuable insight into the factors 
affecting froth stability, especially those varying with froth height. 
Watson and Grainger-Allen (1973) developed the 'equilibrium cell'. It 
consisted of a bottom driven batch flotation cell which was modified so that 
tall froths could be accommodated. The froth was allowed to build up until 
equilibrium was reached and then a slide was inserted between the froth 
and the pulp, thus separating the froth from the pulp. The froth and pulp 
were then removed and analysed. 
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This idea was continued and improved upon by Cutting and Devenish 
(1975). They split the froth into four horizontal segments by inserting three 
additional slides. This allowed the investigation of chosen parameters as 
a function of height in the froth. 
Watson and Grainger-Allen's equilibrium cell concept was further developed 
by Cutting et al. (1981 ). Small sampling tubes were inserted into the froth 
and pulp at different levels. At a given time small samples could be 
withdrawn under vac~um for analysis using these tubes.. This provided 
information about the froth at different levels, as well as locating the pulp-froth 
interface. This concept was extended to the non-equilibrium froths in 
conventional flotation systems. 
Mays (1979) used a bottom driven cell with the high sides. The front of 
. the cell was slotted and small strips of perspex could be inserted or removed 
to govern the froth height. Down one side of the cell was a series of holes 
sealed with rubber stoppers. These could be removed and small samples 
taken systematically starting from the top of the cell. 
Ross (1988) used a similar system to Cutting and Devenish (op. cit.) in 
. . 
a batch cell to split the froth at various levels. He also used a sampling 
lance to sample the froth of full-scale cells at various levels. These 
techniques allowed him to develop froth profiles. 
Both of the basic methods described above have advantages and 
shortcomings. In the methods where a small sample of froth is removed, 
the float can continue and the progress of the froth can be monitored with 
time. The disadvantage of this method is that the froth must be perfectly 
uniform at any froth depth to ensure a representative sample is obtained. 
Ttiis is unlikely to be the case, especially if the samples are taken near the 
walls (eg. Mays, op. cit.). The samples obtained from the froth splitting 
techniques are representative of the froth at that level because the whole 
_.,-· 
_lay_~r of -froth-Ts removed, but the float must be st9pped when the sar:nples 
are taken. There are also practical problems involved with removing the 
froth. One advantage of this method is that it allows the total froth volume, 
including air, to be determined. 
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3.2.3 FROTH PHASE MODELS 
Due to the complexity of the processes occurring in the froth phase of 
flotation and the variations encountered in different· flotation systems, good 
froth phase models are difficult to obtain. Models either tend to be over 
simplifications, with their assumptions of ideality making them of little practical 
use, or the attempt to model the processes in a realistic fashion makes any 
analysis using these models difficult, if not impossible. For a model to be 
of value, however, it must incorporate the major sub-processes occurring in 
the froth. In order to do this, accurate methods of measuring froth variables 
are required. It is the lack of these methods that, to a large extent, have 
hindered the development of models for the froth phase. 
A large number of froth models have been proposed (eg King, 1975; 
Woodburn et al. 1976; Sutherland, 1977; Ford and King, 1983; Green, 1984; 
and Smith 1984.). All th~se models rely on assumptions made about some 
of the parameters in the froth phase which are difficult to quantify. For 
example Green (pp. cit.) placed constraints on the composition of certain 
streams in the simulation of flotation networks, ~nd Woodburn et al. (op. 
cit.) used enhancement factors to simplify the solution of their model. 
The. more recent trend has been to shift the emphasis to models based 
on the measurement or more accurate e.stimation of froth variables. This 
has led to new and improved methods of characterising the froth. (eg Moys,. 
1978, 1984; Cutting et al, 1981, 1982, 1986; Ross, 1988.) 
Early models include those of Bushell (1962) and Arbiter and Harris (1962). 
Bushell postulated a model in which the rate of re~urn of particles into the 
pulp was proportional to the rate of particle entry into the froth phase. His 
model was of the form: 
k' = kp(1-kt) 
where k' is the effective rate of particle entry into the froth, kp, the actual 
rate of particle entry into the froth, and kt, the fraction of particles entering 
the froth that are returned to the pulp. 
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Arbiter and Harris (1962) proposed a model on which most further attempts 
at modelling the froth phase are based. They assumed perfect mixing in 
both the pulp and froth phases and that particle transfers between the 
phases could be modelled on first order kinetics. 
Mti = VtCti ~ OtCti 
l 
kfi kpi 
Mpi = VpCn 
This gave the rate of flotation as: 
OtCti = kpiVpCTi - ktiVtCti 
where Otis the volumetric flow rate of froth, Cti and Cri are the concentrations 
of particles of the ith component in the froth and pulp respectively, kpi is 
the rate of particles entering the froth, and kti the rate of particles returning 
from the froth to the pulp. Vp and Vt are the volumes of pulp and froth 
respectively. 
There are two main problems arising from this model: Firstly the 
assumption of a perfectly mixed froth is invalid due to the elutriation of 
gangue material from the froth, and the flow regime in the froth is likely to 
be somewhere between plug flow and perfectly mixed flow. The second 
difficulty is the measurement of the volumetric flow rate of the froth (Ot). 
Since no methods of measuring the volumetric flow rate of froth (three-phase) 
had been developed, Ot and Vt have to be defined on an air free basis. 
Most workers overcome this difficulty by assuming that the froth flow rate 
is constant over the range of conditions that they are working in. This is, 
however, only true over a small range and varying most flotation parameters 
would change the froth flow rate. If this assumption is made, however, the 
froth volume may be included in a new rate constant: 
kti' = ktiVt 
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The notable exception to this approach is that used by Greaves and Allen 
(1974). They estimate Vt by assuming that all the components in the froth 
have the same residence time. Thus they get: 
Vt = (Volume of the froth zone) 
(1 + G/Qt) 
where G is the air flow rate. 
This result is disputed by Mays (1979), who points out that the bubble 
rise rate is greater than that of the air free fraction, and there is a loss of 
air from the top of the froth due to bubble breakage. Mays, therefore, 
proposes that: 
Vt = (Volume of the froth zone) 
(1 + asG/Ot) 
where as (<1) is the relative froth stability and is a function of the relative 
drainage rate of the froth. This, in turn, is a function of factors like the 
liquid viscosity, temperature, particle size, bubble size and bubble loading. 
A major fault with Greaves and Allen's model is that generally Ot is 
dependent on G and thus G!Ot remains constant over a wide range of 
conditions. This implies that Vt is constant over this range, which is usually 
not the case. 
Mays suggests that the model proposed by Harris and Rimmer (1966) 
can be used to obtain the air free volume of froth if it is assumed to be 
valid for both solids and water. Thus: 
Vt = I,(m/pi) 
where mi and Pi are the mass and density respectively of the ith component. 
Arbiter and Harris' model was used by Jowett et al. (1966) to interpret a 
large range of continuous coal flotation data. They found that this model 
gave a good fit for their data. The expression they used was: 
CT Ot kt" 
--=--+-
C1Ct kp'C1 kp' 
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It was noted by Mays (1979) that the above equations resulted from the 
correlation of equilibrium data. Flotation froths are transient and hence the 
correlations obtained are not directly applicable. This is borne out by the 
studies of dynamic froth behaviour conducted by Greaves and Allen (1974) 
and Sadler (1973). 
Several authors, including Ball and Fuerstenau (1974), have used and 
extended this model in both continuous and batch operations. Ball and 
Fuerstenau point out, however, that little insight can be gleaned from the 
model on even a macroscopic level due to the lack of a method of determining 
the particle return constant (kt) with any accuracy. 
Jowett (1966) described the effect of the froth phase on the recovery of 
hydrophillic gangue particles. He noted that the mechanism by which they 
were included in the froth was entrainmerrt. The same basis was used for 
both gangue and floatable mineral recovery, but with different rate constants. 
Jowett postulated that the rate of gangue recovery due to entrainment was 
proportional to the gangue concentration in the pulp and the rate of water 
inclusion into the froth, the propo.rtionality constant depending on the size 
fractions of the gangue involved. 
This model was first quantified by Lynch et al. (1974) who proposed that 
the gangue recovery (R9) could be obtained using the expression: 
Rs = OwL(CFiCti) 
where Ow is the flow rate of water in the concentrate and C1i is the tailings 
concentration of gangue with particle size i. CFi is the classification function 
and is defined as: 
. _ solids/water ratio of free gangue (size i) in cone 
CF, - sohds/water ratio of free gangue (size 1) in pulp 
In a series of experiments in which particle density, pulp density and water 
recovery rate were varied, Bisshop and White (1976) defined a froth residence 
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. 
time. They assumed that the air-free froth volume was proportional to the 
froth height and obtained: 
t = Vt/ON = rah/ON 
where t is the froth residence time, Vt, the froth volume on an air free basis, 
h, the froth height and ro, the proportionality constant. This would not 
however be true if certain flotation parameters, e.g. air rate, which affect 
the air hold-up in the froth were varied. 
They then state that the rate of particles of size i entering the froth from 
the pulp (Qi) is proportional to the rate of water entry into the froth (QFw) 
and to the concentration of particles of size i in the pulp (Cpi): 
Qi = kpi·QFw·Cpi 
where kpi is a transfer factor. The rate of drainage (Qo) from the froth is 
proportional to the mass in the froth (M). kti and ktw are the proportionality 
constants. 
QDi = kti·Mi and Qow = ktw·Mw 
They then assumed .that the concentrate flow rate (QFi) was proportional 
to the mass of gangue in the froth (M) and inversely proportional to the 
froth residence time. Thus: 
Similarly: 
Q kciMi = Q _ Qoi Fi= -t-
Q _ kcwMw = QFw _ Qow 
w - t 
Where kci and kcw are the constants of proportionality. They then use the 
classification function proposed by Lynch et al. (1974) to get: 
CFi = QFi/(Qw·Cpi) 
Rearranging the above equations they get: 
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(1 + kfw't/kcw) 
CFi = ( 1 + kii't/kci) 
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Moys (1979) points out that the values of kcw and kci are close to 1 for 
dilute froths and can thus be ignored, thus: 
CFi = (1 + kfw't) 
(1 + kfi't) 
Substituting the expression for t above and including. ro in the new 
proportionality constant they obtained: 
Ow + ktw"h QFi = 
Ow + kti"h· 
This allows easy analysis of the· classification function because the froth 
height and water flow rate can both easily be controlled. 
Woodburn et al. (1976) in their review of flotation kinetics developed ·a 
comprehensive model for flotation networks involving residence time distribu-
tion. They use enhancement factors to linearize comput_ations of internal 
mass flow and they then use these mass flows together with knowledge of 
external effects such as chemical additions and cell operating parameters 
in an iterative process to redefine the enhancement factor matrix. Due to 
the complexity of the model it is impractical to use. 
Moys (1979) made a significant contribution towards identifying sub~· 
processes in equilibrium froths by using a first or~er kinetic model. He 
assumed that the rate of - detachment of particles from bubbles was 
proportional to the concentration of the species in question. It was proposed 
that the mass flow rate of component i at height z was: 
mi(z) = mi(O) Z ~ Zdi 
= mi(O)exp[-ki(Z-Zdi)Ac/G] Z > Zdi 
where mi(O) = mass flow rate of species i into the froth, 
ki = detachment rate constant, 
Zdi = level at which detachment starts, 
Chapter3 
G 
Ac 
Froth Zone Effects Page88 
• I 
= aeration rate, 
= cross sectional area of the flotation cell. 
A constant velocity difference (~vi) was assumed between the air and the 
downward flowing streams. This allowed a drainage velocity (Ui(z)] for 
species i to be calculated, and hence its mass fraction at any height. 
Ui(z) = ~Vi - v(z) 
. . 
where v(z) is the bubble rise velocity, which was assumed to be constant 
throughout the froth to simplify calculations. This clearly would not be the 
case because some bubble coalescence would occur as height in the froth 
increased. 
Ross (1988) points out that this model has two limitations. Firstly, no 
estimate is provided of the height at which the detachment of entrained 
particles occurs. And secondly, a constant re.lationship is assumed between 
the drainage rate of water and entrained particles over the height of the 
froth. This is unlikely to be true because there would be an increasing 
degree of entrapment of particles as the water content of the froth decreases. 
Mays proposes the following equations for the flow rate of water (qc) and 
particles (me) in the concentrate: 
qc = aqc(Zw) 
and 
me ~ a(mti(Zw) + mai(Zw)] 
where a = fraction of the froth removed in the concentrate, 
qc(zw) = water flow rate at the froth surface, zw, 
mfi(Zw) = mass flow rate of floated species at the froth surface, 
-me;(zw) = mass flow rate of entrained species at the froth surface. 
These equations assume uniformity at the froth surface and no losses of . 
water or particles in the removal of the froth. This is clearly not true. 
Cutting et al. (1981) introduced a cell efficiency factor (< 1) to account for 
the finite probability of particles in the froth being transferred into the 
concentrate. 
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Moys (1984) has expanded on his previous model to include froth flow in 
two dimensions. Residence time distribution studies were made of 'perfectly 
floatable' particles in the froth to predict froth mass flow rates. This model 
involves the numerical solution of two dimensional Laplace transforms. In 
it original form the equations are complex and difficult to solve. To facilitate 
the calculation of the model parameters the froth is divided into three stages. 
Stage one is a region at the back of the cell in which no froth movement 
towards the lip occur~, stage two is a region in which t~ere is a linear 
increase in horizontal froth velocity as the distance from the lip decreases 
and stage three is a region near the lip in which only horizontal froth travel 
occurs. It was assumed that all material enters the froth from stages one 
and two. 
Three shortcomings of this model are pointed out by Ross (1988). Firstly, 
the froth velocity was assumed to be independent of the froth depth, and· 
only a function of the horizontal distance from the lip. Secondly, a uniform 
air distribution at the pulp-froth interface was assumed. And thirdly, no 
account was taken of the significant amount of vertical froth flow which 
occurs near the cell lip. The model is however a significant improvement 
on previous models and can deal with phenomena such as n~gative froth 
velocities (froth flow away from the lip) and the streamlines which occur in 
the froth. 
Bascur and Herbst (1982) developed a population balance model in which 
particles are classified into four different groups, each group having its own 
rate constant. The groups were: particles free in the pulp, particles attached 
in the pulp, particles free in the froth, and particles. attached in the froth. 
The balance of the particles and their rate constants were determined by 
the flotation conditions. Although the model worked in modelling the froths 
in a pilot plant, its parameters have little physical significance. 
Meyer and Klimpel (1982) regard the froth as a kinetic species because 
it is a medium in which particles are carried. Their model describes the 
recovery (Rt) of particles after a time (t) in terms of the ultimate recovery 
(R) and a rate constant (kr): 
Rt = R - R 1 - exp(-krt) 
krt 
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They also found that increasing the solids ·content in the froth led to a 
decrease in froth fluidity and concluded that the rate of removal of particles 
. could be controlled by the characteristics of the froth as well as the rate 
phenomena occurring in the cell. 
Frew and Trahar (1982) found in an investigation of rougher and cleaner 
banks on a plant that there is a significant difference between the rate 
constants for roughing. and cleaning. They showed that bat~h flotation tests 
could predict the relative performance of the roughers and cleaners, but 
there were several factors like froth depth and mobility that could not be 
predicted from these tests. 
Flynn and Woodburn (1987) used bubble surf.ace flux. and the thickness 
of the lamellae between bubbles at different heights in the froth to predict 
flotation performance. They showed that the inter-bubble lamellae are thicker 
in three-phase systems. than in two-phase systems with the limiting thickness 
in a well drained froth correlating well with the dgs particle size. A major 
limitation of this model is that the thickness of inter-bubble lamellae is one 
of the parameters in the model and is very difficult to measure. 
Ross (1988) points out that very little is known about the mechanism of 
transport of material near the top of the froth to the launder. This is a 
severe limitation in using the models discussed. Mays (1979) used high 
speed photographic techniques to examine the top of the frat~. but his 
results were inconclusive because only the top layer of the froth could be 
seen and no information could be gleaned about the layers of froth just 
under the surface in which most of the transport of material to the launder 
occurs. 
Ross (1988) has presented the most comprehensive picture of the 
sub-processes occurring in the froth to date. His models include sub-
processes like the detachment of particles in the froth with allowances for 
possible re-attachment. The drainage of water and particles from the froth 
back to the pulp is also examined. 
Models for both equilibrium (deep froths with no concentrate removal) and 
non-equilibrium froths are proposed. .These are extensions of the models 
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proposed by Moys (1979, 1984) and overcome most of the shortcomings 
of these models. Provision is made for the uneven distribution of air at the 
pulp-froth interface, and the froth has been divided into four regions. A 
region of vertical plug flow has been added below the lip to account for the 
streamlines found in this region. A drawback of this model is that the 
assumption of plug flow in the froth is still retained. Bubble coalescence 
and froth drainage will inevitably lead to some mixing in the froth. It is 
likely that the fluid flow regime in the froth is one of the dominant factors 
in determining the beh.aviour of the froth, and a more realis~ic model should 
therefore be used. There are also no experimental techniques available to 
measure some of the parameters in the model, for example the re-attachment 
rate of hydrophobic particles to bubbles in the froth. 
Again, as with all of the more comprehensive models discussed, the 
accurate modelling of the froth sub-processes carries the penalty of increased 
complexity. These models provide valuable insight into the processes 
occurring in the froth, but their application to flotation circuit design may be 
limited because of the difficulty in measuring or estimating some of the 
parameters required in the models. 
3.2.4 FROTH EFFECTS 
Generally, it has been found that fine particles have a stabilizing effect 
on the froth and often two-phase systems where no stable froths are formed_ 
are adequately stabilized by fine particles (Meye_r and Klimpel, 1982; 
Woodburn and Wallin, 1984). · Large particles do not directly destabilize 
froths, but they allow increased froth drainage, which may .cause· bubble 
coalescence. As the hydrophobicity of a particle increases it has a greater 
effect on the stability of the froth because it can hinder froth drainage, or 
cause bubble coalescence. 
Dippenaar (1982a and 1982b) conducted a series of tests using particles 
of different sizes and hydrophobicities. , He performed shaking tests in which 
a frother solution and particles were shaken together in a measuring cylinder 
and the froth volumes measured. He also used high speed photographic 
techniques to establish the mechanism of froth breakage. 
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Small hydrophobic particles with a contact angle of less than 90° stabilize 
the froth by bridging the inter-bubble lamellae and preventing liquid drainage 
from these lamellae, stopping the films from reaching rupture thickness. 
Small hydrophobic particles with a contact angles of more than 90° were 
found to destabilize the froth by causing excessive thinning of the inter-bubble 
lamellae. A particle would attain its equilibrium contact angle in two adjacent 
bubbles and hence the bubbles would coalesce. This was also found with 
some particles with a contact angle of less than 90° if the three-phase 
boundaries are forced to migrate to the same discontinuity. A example of 
this is xanthated galena with a contact angle of 80°. Galena has a cubic 
structure with sheer faces and thus the three-phase boundaries are forced 
to migrate to the corners. When two bubbles meet at the same corner they 
coalesce. 
The finely dispersed insoluble hydrophobic precipitates which result if 
xanthate collectors are mixed with certain metal ions decrease froth volume 
and stability (Livshitz and Dudenkov, 1965). This is due to accelerated 
coalescence of bubbles in both the pulp and the froth. The precipitate 
particles have a large contact angle and readily form bubble-particle 
agglomerates. When a particle in this agglomerate comes into contact with 
another bubble, rapid film thinning occurs causing the bubbles to coalesce. 
These precipitates increase the consumption of collector, which, in turn, 
leads to increased precipitate formation. This means that the frother dosage 
must be increased to achieve the desired froth stability. Depressants which 
either decrease the hydrophobicity of the precipitates or dissolve them can 
be used to control this effect. 
It has been found that small bubbles produce more stable froths than 
large bubbles (Pal and Masliyah 1990) because they produce more hydrated 
froths, are less susceptible to coalescence due to inter-bubble film thinning 
and air diffuses out of small bubbles more slowly. These effects are due 
to the geometry of the bubbles, the smaller radius of curvature of the bubble 
surface, the more stable the film at the bubble surface. 
The effect of other parameters on the rate of film thinning may be seen 
by studying the general equation for the rate of thinning of a vertical liquid 
film (Dippenaar, 1982a): 
Chapter3 
t = 411z1 
pgdt 
Froth Zone Effects Page93 
where t is the time, 11. the viscosity of the liquid, z1, the vertical height, p, 
the density of the liquid, g, the acceleration due to gravity, and dt, the 
thickness of the film a distance Zt from the top of the film. 
Thus increasing the viscosity of the liquid increases the film stability. The 
stability of the film is decreased by increasing the liquid density. Increasing 
the temperature has also been found to destabilize the froth because it 
causes the air to diffuse from· the bubbles faster and it decreases the 
viscosity of the liquid. 
3.2.5 COLUMN FLOTATION FROTHS 
Little work has thus far been done to quantify the froth phase in column 
flotation cells. Yianatos et al. (1985) have proposed a method to measure 
the .gas hold-up in the .froth by estimating the tortuosity of the system using 
conductivity measureme,Pts~ 
This work was expanded to include bubble size distributions by Yianatos 
et al. (1986). Three regions are defined in the froth, viz: an expanded 
bubble bed, a packed bubble bed and a conventional froth. There is a 
trend for the gas hold-up to increase rapidly just above the interface 
(expanded bubble be.d) and then level off at a value determined by flotation 
parameters (packed bubble bed) and then to increase again rapidly above 
the wash water distributor (conventional froth). Wash water was found to 
increase the stability of the lower two zones in the froth and help to reduce 
bubble coalescence. The major region in which bubble coalescence occurs 
is in the expanded bubble bed due to the sudden deceleration of the bubbles 
as they enter the froth. It is thought that a large part of the cleaning in 
the froth occurs at the pulp-froth interface due to this deceleration because 
entrained particles are dropped. 
A model analogous to flow through a circular pipe was used to predict 
the behaviour of the expanded bubble bed. The bubbles in the packed bed 
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were found to be spherical and reasonably uniform in size. A cellular froth 
model provided a good ,fit for the behaviour of the packed bubble bed. 
In a series of two-phase salt tracer tests Yianatos et al. (1987) showed 
that the use of wash water caused the rejection of practically all of the feed 
water within the first 10 cm of the froth. This implies that the downward 
bias achieved using wash water should be effective in reducing hydraulic 
entrainment of gangue material into the concentrate. An approach similar 
to that used for mass ~ransfer in packed columns was useq to describe the 
cleaning in the froth, with a number of transfer units being defined. An 
expression for the 'cleaning factor' Act was then defined: 
Act = Jd/Ju 
Where Jd and Ju ·are the downward and upward biases respectively. 
Yianatos et al. (1988a). have proposed a model for selectivity in a column 
flotation froth. The model is based on the plug flow model developed by 
Moys (1978) and quantifies net particle detachment and washing rates in 
the froth. Although Moys (1984) has produced a two dimensional model 
for the froth in mechanical flotation cells, it was felt that a standard plug 
flow model would be well suited to a column because of the increased 
·height to diameter ratio. While the models fit plan.t data for a Mo cleaning 
circuit well, no conclusions are drawn about the mechanisms of particle 
detachment and re-attachment due to their complexity. It is also pointed 
out that the froth depth has a significant effect on upgrading in the froth. 
Shallow froths (< 1 m) produce little upgrading because of increased mixing 
due to· the closeness of the wash. water entrance to the pulp-froth interface. 
Pal and Masliyah (1990) measured the bubble size and liquid hold-up in 
the froth phase in a flotation column for a two-phase system. They found 
that there was little bubble coalescence in the froth and that the ratio of 
the froth drainage flux (Jdt) to the terminal rise velocity of the bubbles was 
only a function of the liquid hold-up in the froth (at): 
JdtNoo = at·exp[-2.4 + 2.Sat] 
This value of JdtNoo is analogous to the cleaning factor (Act) defined by 
Yianatos et al. (op. cit.). 
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Yu and Finch (1990) studied the recovery in the froth phase in a column 
cell by obtaining the overall recovery (Rte) at different froth heights and 
extrapolating to a zero froth height. This gave the recovery in the collection 
zone (Re) and hence the recovery in the froth zone (Rt) was found from 
the relationship: 
Rte = Re·Rt/[Re·Rt + (1-Re)) 
They found values of R1 of 50% or less. Falutsu and Dobby (1989) 
conducted a similar study using a different method and found similar results 
(Rt < 60%). 
Ross (1988), in his study of flotation froths, notes that the models developed 
in his thesis (discussed in section 3.2.3) are applicable to column flotation 
froths by merely taking the wash water into account. 
~=== --~------
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3.3 EXPERIMENTAL METHODS 
Four different sets of experiments were conducted to quantify froth effects. 
Froth height tests to determine froth stability, batch froth cutting tests to 
quantify froth effects as a function of height in the froth, continuous froth 
cutting tests to highlight any differences between steady-state and non 
steady-state systems, and residence time distribution studies to establish 
the flow patterns in the froth. 
3.3.1 FROTH HEIGHT EQUIPMENT 
The froth height equipment is shown in Figure 3.1. It consisted of a 250 
by 50 mm graduated perspex cylinder with a sintered glass frit (porosity 4, 
pore diameter 9 - 15 µm) at the bottom through which the air was introduced. 
The pulp in the cylinder was agitated using a magnetic stirrer. 
FROTH 
PULP 
MAGNETIC 
STIRRER 
SCALE 
CO Oo 0 00 0 0 0 0 0 0 
00 0 0 ~o 0 0 AIR IN 
SINTERED ...____ _ 
GLASS DISC 
FIGURE 3.1 : Froth Height Equipment 
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Gravity concentrated pyrite was used to test the effects of oxidation state, 
xanthate collector type, and particle size on the stability of the froth. Surface 
oxidation was removed by an acid leach. The leached material was 
neutralised by repeated washing with water. The xanthate collectors used 
were both the normal- and iso-forms with chain lengths ranging from 2 to 
8 carbon atoms. The particle size ranged from 16 to 106 µm. 
The experimental conditions were as follows: 
• Frother Type 
• Frother Dosage 
• Collector Dosage 
• Air Rate 
Dowfroth 250 
110 ppm 
0.43 mol·ton·1 of dry solids 
0.5 cm·s·1 
For each test a slurry of 2 grams of pyrite in 180 ml of water was used. 
The colrector conditioning time was 3 minutes and the frother was added 
one minute before the air was introduced. The froth was allowed to build 
up until a maximum was reached and this value was noted. This maximum 
value provided a measure of the stability of the froth. · Each test was 
repeated three times with the average .value being reported. 
3.3.2 BATCH FROTH CUTTING EQUIPMENT 
A diagram of the apparatus is depicted in Figure 3.2. The pulp was 
contained in a perspex column of height 250 mm and diameter 60 mm. 
The temperature of the pulp is controlled by the use of a water jacket which, 
together with the level controller, was fed from a water bath held at constant 
temperature. . Air was introduced at the bottom of the column through a 
sintered glass frit. The size of the bubbles could be varied by the substitution 
of discs of different porosities, or by using different flotation conditions. 
Before it entered the column, the air was saturated with water at 20°C using 
two pre-saturators. The flowrate and pressure of the air were measured 
with a soap-bubble flow meter and a mercury manometer respectively. A 
magnetically stirred-propeller system with baffles was used to agitate the 
pulp and ensure good mixing without any swirling. 
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Four rings were used to divide the froth into four cylindrical segments 
above the pulp. The height of the lower three segments was 20 mm, while 
the top segment was 50 mm high. The froth was collected in trays that 
pivoted around a steel rod, allowing the froth to be cut into four horizontal 
sections. The arrangement of these trays in both the uncut and cut positions 
is shown in Figure 3.2. 
Gravity concentrated pyrite from Durban Roodeport Deep Mine was used 
in the tests on the reproducibility of the results. A synthetic pyrite-quartz 
ore was used in all the other tests. The synthetic ore contained 10% pyrite 
milled to 75% smaller than 15 µm and 90% quartz (from a mine in the 
Delmas, Transvaal area) milled to 65% smaller than 38 µm. In both forms 
of feed the pyrite was leached for 2 hours in 8% hydrochloric acid, and 
then neutralised by washing and filtration. 
Only a short conditioning time of 1 O minutes was needed to ensure good 
mixing of the pulp and a uniform pulp temperature, since water of the desired 
temperature (usually 25°C) had been used. The solids content of the pulp 
was 5% (i.e. 35 grams of solids in 700 ml of pulp), which is lower than 
that typically found in column flotation cells (> 10%). This low solids content 
was used to allow the processes occurring in the froth to be seen more 
clearly and to control the total froth height. Other researchers (Dobby and 
Finch, 1985) have also used low solids concentrations in residence time 
distribution tests. A collector conditioning time of 2 minutes was allowed 
before the frother was added. Unless otherwise stated the collector used 
was 0.5 mol·ton·1 SEX (sodium ethyl· xanthate) and the frother used was 
Dowfroth 250 (a polypropylene glycol with a molecular weight of about 250) 
at a dosage of 75 ppm. After a further minute the air was introduced. The 
air rate was generally 0.615 emfs. When the froth had built up, filling the 
rings, the air was shut off and the froth cut simultaneously. 
The collected froth was washed out of the collection trays into beakers 
with a known quantity of water and then the excess water on the trays was 
scraped into the beakers with a rubber scraper. After the froth in . each 
segment had been weighed the concentrates were oven dried at 80°C and 
the masses of solids and water were calculated. The particle size distribution 
in each segment was obtained by the use of a Malvern particle size analyser, 
and the sulphur assayed using a Leco sulphur analyser. 
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3.3.3 CONTINUOUS FROTH CUTTING EQUIPMENT 
A laboratory column cell with a froth cutting system similar to that used 
on the batch cell was used to extend the froth studies to a continuous 
system. A diagram of this column is shown in Figure 3.3. The column 
had a diameter of 60 mm and the collection zone height was 800 mm. 
Each of the froth collecting rings was 30 mm high with the top ring having 
the wash water system and the concentrate launder added to the top. Since 
the froth contained far more water than in the case of the batch cell, it was 
necessary to hold the froth rings down to prevent leaking. This was done 
using a system of rubber bands which were released just before the froth 
was cut. 
The wash water system was a grid of 4 mm copper tubes with 1 mm 
holes in the bottom (Figure 3.3). This was fed via a variable speed peristaltic 
pump. The air sparge system was similar to that used on the batch cell 
with a sintered glass disc of porosity 4 {pore diameter 9 - 15 µm} being 
used to generate the bubbles. 
The feed was slurried in a conditioning tank with reagents. The collector 
used was potassium normal butyl xanthate (PNAX} at a dosage of 0.5 
mol/ton and the frother, 25 ppm of Dowfroth 200. Frother was added to 
both to feed and the wash water. A conditioning time of ten minutes was 
allowed before the feed was introduced into the column. The feed and 
tailings rate were controlled using peristaltic pumps. The feed rate was 1 
cm/s, the wash water rate 0.33 cm/s and the superficial air rate 1 cm/s. 
Two different types of feed were used, the synthetic pyrite-quartz mix used 
in the batch tests and the gold bearing pyritic ore from Unisel mine in the 
Orange Free State which was used in the RTD studies. 
The column was run for 1 O minutes (7.5 residence times} to allow steady 
state to be reached and samples of the concentrate and tailings were then 
collected for 5 minutes. The air was shut off, the froth was cut into the 
various segments and the feed, wash water and tailings pumps were all 
stopped simultaneously. The removal of the froth from each segment was 
conducted in the same manner as for the batch system. The products were 
again analysed for sulphur and particle size. 
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3.3.4 RESIDENCE TIME DISTRIBUTION EQUIPMENT 
The equipment used for the residence time distribution studies is shown 
in Figure 3.4. The details of the experimental conditions used for these 
tests can be found in Section 2.3.2, and the flotation parameters which were 
varied are given in Table 2.1. 
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3.4 RESUL'.TS AND DISCUSSION 
3.4.1 FROTH STABILITY TESTS 
3.4.1.i VARIATION OF XANTHATE CARBON CHAIN LENGTH 
Tests were conducted using xanthate. collectors to es~ablish the effect of 
the carbon chain length and chain branching on the stability of the froth. 
The number of carbon· atoms in the chain varied from 2 to· 8 with both the 
normal- and iso-forms being used. The cation was sodium for the lower 
chain lengths and potassium for the higher chain lengths. It has been found 
that the potassium ion provides greater stability at high chain lengths than 
the sodium ion, but potassium xanthates with low chain lengths are difficult 
to make. Barker (1986) found that the cation in the xanthate has little effect 
on the performance of the xanthate. 
The maximum froth height reached was used as a measure of the stability 
of the froth. Each test was repeated three times with the average value 
being reported. 
Each of the collector types was teste.d under six different conditions, viz: 
• without collector; 
• with collector only; 
• with collector and unleached pyrite (38 ·- 53 µm); 
• with collector and unleached pyrite (75 - .106 µm); 
• with collector and leached pyrite (38 - 53 µm); 
• with collector and leached pyrite (75 - 106 µm); 
The results of these tests are depicted in Figure 3.5 and the data are 
shown in Table 3.1. The major factor that affects the stability of the froth 
is the rate of bubble coalescence. Bubbles coalesce when the film of water 
between the bubbles thins to a critical value causing the film to rupture. 
Factors which retard the drainage of water from the froth increase its stability. 
Bubble-particle agglomerates with small particles can slow this water drainage 
by either forming a bridge between two bubbles and preventing rupture 
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MAXIMUM FROTH HEIGHT (mm) 
60 70 74 79 87 75 80 CONTACT ANGLE 
200 
160 . 
100 
60 
76-106 i.im LEACHED 
38-63 i.im UNLEACHED 
FROTHER + COLLECTOR 
SEX SNPX PNBX PNAX PNOX SIPX SIBX 
COLLECTOR TYPE 
FIGURE 3.5 Variation of Froth Height with Particle Size, 
Oxidation State and Collector ·rype 
TABLE 3.1 Effect of Particle Size and Conditioning on 
Froth Stability 
ORE TYPE MAXIMUM FROTH HEIGHT (mm) 
SEX SNPX PNBX PNAX PNOX SIPX 
FROTH ER MEAN 25 25 25 25 25. 25 
ONLY RANGE 19-35 19-35 19-35 19-35 19-35 19-35 
FROTHER + MEAN 33 39 40 43 40 44 
COLLECTOR RANGE 31-35 38-40 34-50 38-50 35-43 36-50 
75 -106 µm MEAN 14 18 20 24 20 25 
UN LEACHED RANGE 13-16 12·24 14-26 22-38 25-38 23-25 
38 - 53 µm MEAN 63 87 92 97 100 102 
UN LEACHED RANGE 59.72 84-91 85-100 90-103 89-108 100-145 
75 -106 µm MEAN 78 120 122 120 140 120 
' LEACHED : RANGE 75-69 104-136 110-128 122-136 100-160 100-145 
38- 53 µm MEAN 126 135 140 154 200+ 188 
LEACHED RANGE 116·149 115-160 130-151 147-160 200+ 183-193 
CONTACT ANGLE (deg) 60 70 74 79 87 75 
SIBX 
25 
19-35 
42 
33-52 
30 
27-32 
112 
109-106 
125 
109-139 
195 
182-205 
80 
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thickness from being reached, or by decreasing the effective area through 
which the water can drain. Large particles may have the opposite effect 
by keeping the bubbles to far apart and allowing excessive drainage of 
these films. 
The addition of collector to the two-phase system appeared to stabilize 
the froth. This was possibly due to an ionic effect on the surface of the 
bubbles which caused a thicker film of water to be formed at the bubble 
surface. It is known that xanthates have no frothing properties (Sutherland 
and Wark, 1955). 
It can be seen that leaching increased the stability of the froth. Leaching 
removes the layer of surface oxidation from the particles allowing better 
adsorption .of the xanthate onto surface of the mineral. This renders the 
particle more hydrophobic, and hence more likely to form a bubble-particle 
agglomerate. Particles which have formed bubble-particle agglomerates are 
held at the bubble surface and are not free to drain from the froth with the 
water. 
Decreasing the particle size increased the froth stability for two reasons: 
firstly, the fine particles help to slow inter-bubble film thinning by increasing 
the effective viscosity of the liquid, and secondly, the finer the particle size, 
the more particles per unit mass, and hence the more bubble-particle 
agglomerates that can form. 
Figure 3.5 shows the equilibrium contact angles of the various collectors 
with pyrite (Sutherland and Wark, 1955). There was a high d~gree of 
correlation between the contact angle (hydrophobicity) of the particles and 
the stability of the froth, the higher the contact angle, the more stable the 
froth. It is also evident from Figure 3.5 that it was a combination of the 
size of a particle and its hydrophobicity that determined the stability of the 
froth. Fine hydrophobic particles (38 - 53 µm) helped to stabilize the froth, 
while larger particles (75 - 106 µm) with a lower hydrophobicity destabilized 
the froth. Ultra-fine hydrophobic particles have also been shown to 
destabilize the froth (e.g. metal-xanthate precipitates, Livshitz and Dudenkov, 
1965). 
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3.4.1.ii VARIATION OF PARTICLE SIZE 
Figure 3.6 and Table 3.2 show the effect of particle size on the stability 
of the froth. Six different particle size fractions were tested ranging from 
16 µm to 106 µm. Froth heights of greater than 200 mm could not be 
measured because the total height of the cell was only 250 mm and the 
air had to be shut off to prevent the system from overflowing. 
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FIGURE 3.6 Variation of Froth Height with Particle Size and 
Collector Type 
TABLE 3.2 Effect of Particle Size on Froth Stability 
PARTICLE SIZE SEX PNAX PNOX 
RANGE MEAN MEAN RANGE MEAN RANGE MEAN RANGE 
{µm) {µm) {mm) {mm) (mm) (mm) {mm) {mm) 
16- 20 18 200+ 200+ 200+ 200+ 200+ 200+ 
20-26 23 143 130-165 
' 
200+ 200+ 200+ 200+ 
26-38 32 131 120-145 200+ 200+ 200+ 200+ 
38- 53 46 126 116-149 154 140-160 200+ 200+ 
53- 75 64 107 90-130 142 108-170 200+ 200+ 
75-106 91 78 75-89 130 123-138 140 100-160 
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It has been found that ultra-fine (< 1 O µm) and coarse (> 200 µm) particles 
give poor rates of flotation (Jowett, 1980). It is clear from Figure 3.6 that 
the stability of the froth decreased only as the particle size increased. The 
probable reason for this is that the smallest particle size range tested (16 
- 20 µm) was above the range where poor flotation occurs. The classically 
accepted reason for poor flotation of ultra-fine particles is that the streamlines 
associated with the bubbles prevent the particles from coming into contact 
with the surface of the bubbles and hence bubble-particle agglomerates 
cannot be formed. In this apparatus the bubbles formed were extremely 
small and so this was not a significant factor. There is also a greater 
number of fine particles per unit mass than coarse particles and hence more 
bubble-particle agglomerates can be formed. Again it can be seen that the 
collector with the greatest contact angle (PNOX) provided the most stable 
froths with the larger particles. 
3.4.2 BATCH FROTH CUTTING TESTS 
Batch froth cutting tests were carried out to quantify the effects of certain 
flotation variables on the behaviour of the froth phase at different heights. 
Information was obtained about the following parameters as a function of 
height in the froth: 
• the mass of solids, 
• the mass of water, 
• the volume of air, 
• the particle size distribution, 
• the grade, and 
• the recovery . 
. 3.4.2.i REPRODUCIBILITY 
Six runs were carried out under identical conditions using gravity concen-
trated pyrit to establish the reproducibility of the results. These data are 
given in Ta le 3.3. The particle size distributions for the feed and at different 
heights in he froth (cone 1 at the top; cone 4 at the bottom) are shown in 
' . . . . -~ . . . 
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TABLE 3.: . Reproducibility : Batch Froth Cutting Tests . 
RUN PARTICLE MASS la) 
1 2 3 4 TOTAL MEAN 
1 5.02 4.66 4.68 6.53 20.89 5.22 
2 4.15 5.40 5.42 8.60 23.57 5.89 
3 4.74 4.97 3.99 6.11 19.81 4.95 
4 4.67 5.27 5.21 6.73 21.88 5.47 
5 4.70 5.18 4.54 7.15 21.57 5.39 
6 4.97 5.38 4.56 6.68 21.59 5.40 
AVERAGE 4.71 5.14 4.73 6.97 21.55 5.39 
STD. DEV. 6.57% 5.52% 10.86% 12.45% 5.24% 8.85% 
SIGNIFICAN iT VARIATION (95% CONFIDENCE LIMIT) 22.76%. 
RUN WATER MASS (g) 
1 2 3 4 TOTAL MEAN 
1 2.78 3.39 3.65 ' 3.56 13.56 3.35 
2 2.55 5.00 4.12 4.79 16.46 4.12 
3 3.40 3.25 4]6 5.28 16.69 4.17 
4 2.65 3.93 -4.83 4.27 15.68 3.92 
5 3.18 3.55 3.69 3.63 14.05 . 3.51 
6 3.28 4.47 3.91 5.08 16.74 4.19 
AVERAGE 2.97 3.93 4.16 4.44 15.53 3.88 
STD. DEV. 12.03% 17.38% 12.50 o/o 16.56% 9.00% 14.62% 
SIGNIFICAN1r VARIATION (95% CONFIDENCE LIMIT) 37.58% 
RUN PARTICLE/WATER RATIO I 
1 2 3 4 TOTAL MEAN 
1 1.81 1.37 1.28 1.83 1.54 1.56 ' 
2 1.63 1.08 1.32 1.80 1.43 1.43 
'· 3 1.39 1.53 0.84 1.16 1.19 1.19 
4 1.76 1.34,,, 1.08 1.58 1.40 1.40 
5 1.48 1.46 1.23 1.97 1.54 1.53 
6 1.52 1.20 1.17 1.31 1.29 1.29 
AVERAGE 1.60 1.33 1.15 1.61 1.40 1.40 
STD. DEV. 10.24% 12.43% 15.23% 19.81% 9.95% 10.23% 
SIGNIFICAN r VARIATION (95% CONFIDENCE LIMIT) 26.31% ' I 
RUN AIR HOLD-UP (%) 
'I 1 2 3 4 TOTAL MEAN 
I 1 93.3 92.4 91.9 91.4 92.2 92.2 I 
2 94.0 89.2 90.8 88.5 90.6 90.6 
3 92.3 92.5 90.2 88.5 90.9 90.9 
4 93.7 91.2 89.6 90.1 91.1 91.1 
5 92.7 91.9 91.9 91.1 91.9 91.9 
6 92.4 90.2 91.5 88.7 90.7 90.7 
AVERAGE 93.1 91.2 91.0 89.7 91.2 91.2 
STD. DEV. 0.68% 1.29% 0.94% 1.35% 0.64% 1.07% 
SIGNIFICANir VARIATION (95% CONFIDENCE LIMIT) 2.74% 
RUN PARTICLE SIZE Cum\ 
1 2 3 4 TOTAL MEAN 
1 56.0 55.2 28.1 27.4 41.7 38.1 
2 57.7 51.5 27.2 26.9 40.8 36.6 
3 56.2 54.7 27.2 27.2 41.3 37.6 
- 4 56.4 54.5 28.1 27.9 41.7 38.1 
5 55.3 56.4 27.8 27.2 41.7 38.3 
6 54.1 51.2 27.8 27.0 40.0 36.5 
AVERAGE 56.0 53.9 27.7 27.3 41.2 41.2 
STD. DEV. 2.14% 3.89% 1.48% 1.31% 1.63% 2.20% 
SIGNIFICAN r VARIATION (95% CONFIDENCE LIMIT) 5.66% 
-
-
Chapter3 Froth Zone Effects Page 109 I ~========~·============================================== 
Figure 3. 7 nd the air hold-up and solids-to-water ratio with error bars are 
- given in Fig re 3.9. The precision of these values was important because 
_::~,all subsequ nt analyses depended on the accuracy of these results. To 
,, facilitate dir ct comparison between the top segment (segment 1) and the 
.: lower segm nts (segments 2 to 4) the results for the top segment were 
_; normalised ith respect to the height of the froth in each of the lower three 
-';.segments. To do this it was assumed that all the characteristics of the 
-- froth were niform throughout the froth in the top segment. 
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FIGURE 3. : Size Distribution for the Feed and the Froth 
From Fig re 3.7 it can be seen that the coarsest material was preferentially 
floated. Th s supports the theory that there is an optimum size for flotation 
and particle finer than the optimum tend to be entrained rather than floated 
(Jowett, 19 0). Figure 3.8 shows the theoretical recovery by size curves 
for flotation and entrainment. The curves for segments 3 and 4 in Figure 
3. 7 seem t, show a combination of the two theoretical curves, while the 
curves for he top two segments show the classical flotation trend. This 
indicates th t the amount of entrained material in the froth increased towards 
the bottom of the froth. The other contributing factor to the shape of the 
curves for the bottom of the froth is that the coarser particles floated first 
and were f und in the top of the froth, leaving fewer coarse particles to 
report to th bottom of the froth. 
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Figure 3.9 shows the variation of air hold-up and solids-to-water ratio with 
height in t e froth. The air hold-up provided information about the drainage 
of water fr m the froth. The higher the air hold-up, the better drained the 
froth. It c n be seen that the froth was best drained at the top with froth 
drainage ecreasing towards the bottom. The ratio of the masses of 
solids-to-w ter is a useful parameter when viewed with the air hold-up 
because it provides an indication of the extent of entrainment. It is 
reasonable to assume that the entrained material follows the water in the 
froth and hence the amount of entrained material increased with decreasing 
. . 
height in t e froth. 
There w s a high solids-to-water ratio at the top of the froth because the 
froth was ell drained, and most of the material at this level had been 
floated. T e solids-to-water ratio decreased in segments 2 and 3 indicating 
an increas in the amount of water in the froth. The increase in the · 
solids-to-w ter ratio at the bottom of the froth was probably due to a high 
proportion f the entrained material being rejected at this level due to the 
sudden de eleration of the bubbles at the pulp-froth interface. From the air 
hold-up prdfile it is clearthat the water hold-up at this level did not decrease, 
therefore t~ere must have been an increase in the amount of solids. 
In all su sequent tests three identical r!-ms were carried out under each 
set of con itions. For each run the concentrate from each segment was 
combined f ith the concentrates obtained from the same segment for the 
other two ns in the test. In this way enough concentrate was obtained 
for analysi of particle size and sulphur. The criterion for the acceptance 
, of the resu ts of a test was the extent of agreement of the masses of solids 
and water ollected in each of the segments for the three runs in the test. 
On the ba is of the results of the reproducibility tests (Tables 3.3 and 3.4) 
two criteria were set for the results of a test to be acceptable. The overall 
recovery o solids for a single run had to be within 13% of the mean, and 
the overall recovery of water within 22% of the mean, for the test. These 
values corr spond to 1.5 standard deviations from the mean. The precision 
of the wat r recovery was low because the froth was scraped off the 
collection t ys with a rubber scraper. This led to errors in the determination 
0 
of the mas of water recovered. 
- . -· 
... 
-- .... - .. . - ~- "" -· .... ~- .. ~ -- . ' ··- ·-- ... -·-- - ----· .. -. 
' 
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TABLE 3.i . Batch Froth Cutting Reproducibility Tests . 
SEGMENT 1 2 3 4 AVERAGE 
SOLICS AVERAGE 4.71 5.14 4.73 6.97 5.39 
MAS: STD. DEV. 6.57% 5.52% 10.86% . 12.45% 8.85% 
{g) SIGNIFICANT VARIATION (95% CONFIDENCE LIMIT) 22.76% 
WATER AVERAGE 2.97 3.93 4.16 4.44 3.88 
s MAS:~ STD. DEV. 12.03% 17.38% 12.50% 16.56% 14.62% 
' I {g) SIGNIFICANT VARIATION (95% CONFIDENCE LIMIT) 37.58% 
N SOLID SI AVERAGE 1.60 1.33 1.15 1.61 1.40 
G WATER STD. DEV. 10.24% 12.43% 15.23% 19.81% 10.23% 
L RATl~D SIGNIFICANT VARIATION (95% CONFIDENCE LIMIT) 26.31% 
E AIR AVERAGE 93.1 91.2 91.0 89.7 91.2 
HOLD-: UP STD. DEV. 0.68% 1.29% 0.94% 1.35% 1.07% 
(%) SIGNIFICANT VARIATION (95% CONFIDENCE LIMIT) 2.74% 
PARTIC LE AVERAGE 56.0 53.9 27.7 27.3 41.2 
SIZE STD. DEV. 2.14% 3.89% 1.48% 1.31% 2.20% 
{µm) SIGNIFICANT VARIATION (95% CONFIDENCE LIMIT) 5.66% 
SEGMENT 1 2 3 4 AVERAGE 
SOLID$ AVERAGE 4.71 5.14 4.73 6.97 5.39 
MAS: STD. DEV. 1.24% 2.84% 0.85% 1.78% 1.68% 
{g) SIGNIFICANT VARIATION (95% CONFIDENCE LIMIT) 4.31% 
WATER AVERAGE 2.97 3.93 4.16 4.44 3.88 
G MAS: STD. DEV. 2.33% 1.31% 0.44% 2.68% 1.69% 
R {g) SIGNIFICANT VARIATION (95% CONFIDENCE LIMIT) 4.35% 
0 SOLID SI .AVERAGE 1.60 1.33 1.15 1.61 1.40 
u WATER STD. DEV. 0.80% 0.27% 0.63% 0.79% 0.62% 
p RATI<~ SIGNIFICANT VARIATION (95% CONFIDENCE LIMIT) 1.61% 
E AIR AVERAGE 93.1 91.2 91.0 89.7 91.2 
D HOLD-I ~p STD. DEV. 0.14% 0.00% 0.02% 0.28% 0.11% 
{%) SIGNIFICANT VARIATION (95% CONFIDENCE LIMIT) 0.28% 
PARTIC .. E AVERAGE 56.0 53.9 27.7 27.3 41.2 
SIZE STD. DEV. 1.34% 0.24% 0.79% 0.40% 0.69% 
(1Jm) SIGNIFICANT VARIATION (95% CONFIDENCE LIMIT) 1.78% 
In all sut sequent tests a synthetic mixture of pyrite and quartz was used. 
The compc ~sition of this mixture is discussed in Section 3.3.2. From the 
particle siz e - grade curve shown in Figure 3.1 O it can be seen that the 
pyrite was concentrated in the finer particle size fractions. The particle size 
- mass cu1 rve indicates that about 28% of the material had a particle size 
of less tha n 10 µm. 
.. 
-----
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The varia ion of particle size, air hold-up, grade and recovery with height 
in the froth as the collector type and concentration were varied are shown 
in Table 3. and Figures 3.11 - 3.15. These results are for a froth residence 
time of 90 econds. 
Figure 3. 1 shows the proportion of coarse gangue (larger than 38 µm) 
in each frat segment. All of the pyrite in the feed was smaller than 38 µm. 
It can be een that the coarse gangue material was slightly concentrated 
in segment 2 and 4. The gangue material in segment 2 was trapped in 
the froth a d stabilized it by remaining in the inter-bubble water films. The 
water films were, hence, prevented from reaching the critical thickness at 
which the ubbles rupture. The size of this material made its elutriation 
from the fr th with the entrained water difficult. The presence of gangue 
material in the bottom segment was due to elutriation from the top of the 
froth and entrainment from the pulp. 
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TABLE 3.5 · Batch Froth Cutting Tests 
Collector Type and Concentration. 
PARTICLE 
MASS 
(grams) 
WATER 
MASS 
(grams) 
PARTICLE/ 
WATER 
RATIO 
AIR 
HOLD-UF 
(%) 
SEGMENT 
1 
SEX 
0.25 
(mol/t) 
1.04 
0.5 
(mol/t) 
1.22 
PNAX 
0.25 
(mol/t) 
1.35 
PNOX 
0.5 0.25 
(mol/t) (mol/t) 
1.07 0.97 
0.5 
(mol/t) 
0.94 
2 0.70 0.82 0.79 0.76 0.75 0.70 
3 0.65 0.75 0.56 0.63 0.72 0.67 
4 1 .37 1.57 1.44 1 .38 1.34 1.29 
TOTAL 3.76 4.36 4.14 3.84 3.78 3.60 
1 8.2 7.6 6.5 5.3 5.6 5.4 
2 9.3 10.9 9.0 6.8 6.2 5.9 
3 9.8 12.0 10.8 8.9 6.9 6.6 
4 16.3 11.6 11.7 9.7 8.1 7.8 
TOTAL 43.6 42.1 38.0 30. 7 26.8 25. 7 
1 0.127 0.161 0.208 0.202 0.173 0.174 
2 0.075 0.075 0.088 0.112 0.121 0.119 
3 0.066 
4 0.084 
AVERAGE 0.086 
1 85.0 
2 83.2 
3 82.4 
4 70.5 
AVERAGE 80.3 
1 31.0 
0.063 0.052 0.071 0.104 0.102 
0.135 0.123 0.142 0.165 0.165 
0.104 0.109 0.125 0.141 0.140 
86.0 
80.3 
78.4 
78.7 
80.9 
87.9 
83.7 
80.6 
78.6 
82.7 
90.2 
87.6 
84.0 
82.2 
86.0 
89.7 
88.7 
87.5 
85.0 
87.7 
90.0 
89.2 
88.0 
85.6 
88.2 
GRADE 2 29.3 
32.4 
25.5 
16.2 
17.7 
36.4 
32.6 
24.2 
20.1 
35.8 
31.3 
27.3 
25.2 
31.7 
24.0 
23.1 
18.5 
26.7 
25.3 
23.4 
20.8 
(% S) 3 23.6 
4 26.1 
AVERAGE 27.6 
1 20.9 
RECOVER~ 2 13.3 
(%) 3 10.0 
4 23.2 
TOTAL 67.4 
1 23.4 
PARTICL: 2 27.1 
SIZE 3 26.2 
(µm) 4 28.3 
AVERAGE 26.4 
FEED PARl . SIZE (µm) 22.6 
POOLED S" D. DEV. (%) 6.5 
23.1 
25.7 
13.6 
7.9 
18.1 
63.3 
24.9 
31.0 
25.0 
29.2 
27.6 
22.6 
12.4 
28.9 
31.9 
16.7 
8.8 
18.8 
77.8 
21.2 
20.1 
23.6 
25.6 
22.5 
22.6 
6.6 
29.5 
24.9 
15.5 
11.2 
22.5 
73.6 
19.8 
19.9 
17.0 
21.7 
19.8 
22.6 
12.1 
23.9 
20.0 
11.7 
10.8 
16.1 
58.6 
18.4 
21.4 
22.0 
25.0 
22.0 
22.6 
12.3 
23.7 
16.3 
11.5 
10.2 
17.4 
55.4 
17.7 
21.7 
15.6 
21.1 
19.3 
22.6 
4.2 
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FIGURE 3.11 : Proportion of Gangue Material in Each Segment of 
the Froth for Different Collector Additions 
The fact that less quartz was present in the top segment of the froth 
suggests t at the coarsest pyrite particles were located in this segment. 
Figure 3.1 clearly shows that there was a .large decrease in the size of 
the pyrite articles between segments 2 and 3. The mean particle size of 
the quartz ecreased slightly as height in the froth increased, but the particle 
size distrib tion in the froth was far more uniform than that of the pyrite. 
The coars r pyrite particles stabilized the froth because they were able to 
attain their equilibrium contact angle in adjacent bubbles without causing 
excessive hinning of the water films between the bubbles. 
Figure 3 13 indicates that the air .hold-up increased from the bottom to 
the top of the froth. This implies that the water content, and hence the 
concentrati n of entrained material was lowest at the top of the froth and. 
highest at he bottom of the froth. 
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FIGURE .12 Size Distribution of Pyrite and Quartz in the Froth 
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FIGURE .13 : Variation of Air Hold-up With Height in the Froth 
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Figure 3.1 shows that the recovery of pyrite decreased as the height in 
the froth decreased. The recovery in the bottom 1 segment of the froth 
(segment 4iwas, however, always greater than in segment 3. Figure 3.15 
shows that t e sulphur grade decreased with decreasing height in the froth. 
This trend as due to the elutriation of particles of gangue from the upper 
levels in the froth and the entrainment of quartz into the lower levels of the 
froth. 
80 
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40 
20 
RECOVERY OF PYRITE (%) 
S X PAX POX 
(0. 5) (0.25) (0.25) 
SEX PAX POX 
(0.50) (0.50) (0.50) 
COL ECTOR TYPE AND CONCENTRATION (mol/t) 
FIGURE 3 14 : Relationship Between Recovery of Pyrite and Height 
in the Froth 
The abo e grade-recovery trend can be ascribed to two factors: A froth 
crowding erect at the pulp-froth interface, which prevented the pyrite from 
rising higher in the froth, and the recycling of ultrafine particles at the bottom 
of the fro~h. The recycling was due either to entrainment or to the 
bubble-bre~king effect of this ultra-fine material. The bubble-breaking effect 
is caused ty a particle attempting to attain its equilibrium contact angle in 
two adjac nt bubbles, thus forcing the inter-bubble water film to thin 
excessive! and rupture. This causes the ultra-fine particles at the bottom 
of the frot to be recycled, since the particles are floated, break the froth, 
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fall back in o the pulp, and are refloated; However, it is likely that entrainment 
was the d minant effect, due to the size of the particles involved and the 
fact that t e bottom of the froth was well hydrated. 
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FIGURE 3.15 : Relationship Between Sulphur Grade and Height in 
the Froth 
· Figure 3 13 shows that the air hold-up increased, and hence the water 
hold-up de
1
creased, as the hydrophobicity of the system increased. This 
confirms tlhe theory that the greater the contact angle, the thinner the 
inter-bubbl water lamellae because the bubble-particle bonds hold the 
bubbles cl ser together. This may cause some bubble breakage at high 
contact an 
Figures .14 and 3.15 al.so reveal interesting trends about the way in 
which grad and recovery were affected by collector type and concentration. 
It can be s en that PAX (potassium amyl xanthate) gave the highest grades 
and recov ries. This was probably due to a contact angle effect. The 
hydrophobi ity, and hence the contact angle, of the collectors increases as 
the length f the carbon chain increases and as the collector concentration 
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i11creases. If the contact angle was too low the bond between the bubble 
and the particle was weak and poor recoveries resulted. If the contact 
angle was too high then the froth built up quickly and had to be cut to 
prevent fro h overflow. This resulted in a shorter time for the pyrite to float, 
and entrapment of gangue material in the tightly packed froth. Some bubble 
breakage may also have occurred due to excessive thinning of the 
inter-bubbl 3 lamellae. 
It is also evident that overdosing with collector cause~ a reduction in 
overall rec )Very while the grade is unaffected. At higher collector concen-
trations tho recovery at the top of the froth (segment 1) decreased while 
the recove y at the bottom of the froth (segment 4) increased. This indicates 
that the op.imum contact angle for the system was being exceeded and the 
froth was t )O tightly packed. This is confirmed by the fact that at a collector 
dosage of 0.5 mol/ton SEX had the highest recoverY at the top of the froth 
and POX t 1e lowest, while at 0.25 mol/ton SEX had the lowest recovery at 
the top of the froth and PAX the highest. 
3.4.2.iii TYPE AND CONCENTRATION OF FROTHER 
Two diffE rent frothers (Dowfroth 200 and Dowfroth 250) were studied at 
three diffe1 ent concentrations, viz: 50 ppm, 75 ppm and 100 ppm. The 
results of hese tests are shown in Table 3.6. The . variation of sulphur 
grade and recovery at various heights in the froth are shown in Figures 
3.16 and 3 17 respectively. It was found that the froth would not rise enough 
to fill the t )p segment at a frother concentration of 50 ppm. 
It appea1 s that there was an optimum frother concentration at about 75 
ppm for De wfroth 250. Below this dosage (50 ppm) the froth was not stable 
enough to achieve high recoveries, although the grades were good. Above 
this conce 1tration (100 ppm) the recovery decreased with little change in 
the grade. The froth built up quickly and had to be cut allowing less time 
for the pyr te to float. This explains the high grade and recovery found at 
the bottom of the froth at the higher frother concentration. The froth also 
appeared t) be more stable and it is likely that gangue particles were trapped 
in the upp 3r levels of the froth. The grade and recovery profiles support 
theory. 
I 
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. . TABLE 3 6' · Batch Froth Cutting Tests 
PARTICLE 
MASS 
(grams) 
WATER 
MASS 
(grams) 
PARTICLE/ 
WATER 
RATIO 
AIR 
HOLD-UP 
(%) 
GRADE 
(% S) 
RECOVER~ 
(%) 
PARTICLE 
SIZE 
(µm) 
FEED PARl 
POOLED s-
' 
For Dow 
100 ppm, 
similar to t 
polyoxypro 
Frother Type and Concentration 
SEGMENT DOWFROTH 250 DOWFROTH 200 
50 75 100 50 75 100 
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 
1 2.01 1.04 0.99 0.87 
. 2 1.36 0.90 0.70 0.77 0.62 0.72 
3 0.61 0.54 0.65 0.69 0.80 0.91 
4 0.92 1.03 1.37 1.16 1.24 1.16 
TOTAL 2.89 4.48 3.76 2.62 3.35. 3.66 
1 7.1 8.2 5.0 7.8 
2 3.3 9.9 10.3 4.4 6.2 11.5 
3 8.9 14.7 14.8 10.0 13.1 12.9 
4 12.4 15.8 16.3 12.6 15.6 13.3 
TOTAL 24.6 47.5 49.6 27.0 39.9 45.5 
1 0.283 0.127 0.198 0.112 
2 0.412 0.091 0.068 0.175 0.100 0.063 
3 0.069 0.037 0.044 0.069 0.061 0.071 
4 0.074 0.065 0.084 0.092 0.080 0.087 
AVERAGE 0.117 0.094 0.076 0.097 0.084 0.080 
1 86.4 85.0 90.6 85.8 
2 93.4 82.0 81.4 91.8 88.7 79.3 
3 83.9 73.7 73.5 81.9 76.2 76.7 
4 77.5 71.5 70.4 77.1 71.7 75.9 
AVERAGE 84.5 78.4 77.6 83.6 81.8 79.4 
1 34.2 31.0 34.2 31.8 
2 36.3 23.6 29.3 36.2 30.6 29.8 
3 33.2 16.1 23.6 30.5 24.3 27.1 
4 29.8 18.2 26.1 26.1 21.2 28.2 
AVERAGE 32.3 26.2 27.6 30.2 29.3 29.0 
1 44.6 20.9 22.0 18.0 
2 32.0 13.8 13.3 18.1 12.3 13.9 
3 13.1 5.6 10.0 13.7 12.6 . 16.0 
4 17.8 12.2 23.2 19$ . 17.1 21.2 
TOTAL 62.9 76.2 67.4 51.4 64.0 69.1 
1 24.5 23.4 30.9 21.4 
2 22.3 18.9 27.1 16.4 14.8 19.1 
3 25.7 27.9 26.2 16.4 16.0 17.3 
4 23.3 27.6 28.3 13.7 22.7 21.1 
AVERAGE 23.3 24.5 26.4 15.7 22.3 19.8 
. SIZE (µm) 22.6 22.6 22.6 22.6 22.6 22.6 
: D. DEV. (%) 7.8 7.8 6.5 7.4 7.6 7.6 
roth 200 the best conditions were at a frother concentrat ion of 
es are 
e both 
xi mate 
although the trends seen in the grade and recovery profil 
hose seen with Dowfroth 250. Dowfroth 200 and 250 ar 
oylene glycols, the 200 and 250 referring to their appro 
J 
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FIGURE 3.16 : Variation of Sulphur Grade with Frother Type and 
Concentration at Different Heights in the Froth 
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FIGURE 31.11 : Variation of Sulphur Recovery with Frother Type 
and Concentration at Different Heights in the Froth 
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molecular weights. In contrast to polyoxyethylene ether chains (Figure 2.1 O) 
the surfacE~ tension of solutions of compounds comprising polyoxypropylene 
ether chains (Dowfroth frothers) does not increase as the number of 
oxypropylene groups increases. The interfacial tension of the oil/water 
interface c oes however decrease as the number of oxypropylene groups 
increases Leja 1982b). This explains the different optimum concentrations 
seen with he two frothers. 
In the >ubble sizing tests it was found that increa~ing the frother 
concentration above 1 O ppm had little effect on the bubble size. This means 
that the variations observed in the froth with frother concentration must have 
been due o froth stability. Increasing the frother concentration must have 
made the oubbles more stable without affecting their size. As the frother 
concentration increased so did the water hold-up in the froth, indicating that 
the thickness of the water films around the bubbles must have increased. 
This means that there was less froth drainage and bubble coalescence. 
3.4.2.iv PARTICLE SIZE 
Three dif erent particle size ranges were examined to quantify the effects 
of particle size at different heights in the froth. The three particle size 
ranges we1e a fine fraction (-38 µm), a coarse fraction (38 - 53 µm) and 
the unsizec material used in all the other tests. It should be noted that in 
the fine an 1 j coarse fractions the pyrite and the quartz had the same particle 
size range, while in the unsized fraction the pyrite was finer than the quartz. 
The results for these tests can be seen in Table 3.7. 
Figure 3.18 shows the variation of mass recovery and particle size and 
Figure 3.19, the variation of sulphur grade and recovery at different heights 
in the froth with the different particle size ranges. The fine particles gave 
a high mass pull because of the high degree of hydraulic entrainment. 
These fine oarticles formed a very stable froth with thin water films between 
bubbles. ... he result was that there was little elutriation of gangue material 
from the ff th because there was little drainage of these films. This is 
confirmed y the grade plot, where the grade in all the segments was very 
low, and t ere was little upgrading between the bottom and the top of the 
froth. The particle size tended to increase slightly from the bottom to the 
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top of the froth. This indicates that the coarser pyrite tended to float first. 
The recov 19ry with the fine material was low, even though the mass pull 
was high. This was because the degree of entrainment increases as particle 
size decreases, and hence there was little flotation occurring, making the 
selectivity · oor. The froth built up very quickly with the fine particles, and 
thus there was only a short time available for the pyrite to float before the 
froth had t1 be cut. This was also a contributing factor to the low recoveries 
observed. 
TABLE 3.7 • 
PARTIC,_E 
MAS~ 
(gramJ) 
WATEI~ 
MASS (gram~) 
PARTICI El 
WATEIR 
RATIO 
AIR 
HOLD-l P 
(%) 
GRAD 
(% S) 
RECOVERY 
(%) 
Batch Froth Cutting Tests : Feed Particle Size 
SEGMENT 
1 
2 
3 
4 
TOTAL 
1 
2 
3 
• 4 
FINE UNSIZED COARSE 
1.29 1.04 1.47 
1.35 0.70 1.17 
1 .48 0.65 1.01 
2.29 1.37 0.87 
6.41 3. 76 4.52 
7.8 8.2 8.9 
13.1 - 9.3 9.2 
13.7 9.8 9.8 
14.5 16.3 13.7 
TOTAL 49.1 43.6 41.6 
1 0.165 0.127 0.165 
2 0.103 0.075 0.127 
3 0.108 0.066 0.103 
4 0.158 0.084 0.064 
AVERAGE 0.131 0.086 0.109 
1 85.5 85.0 83.4 
2 76.0 83.2 83.1 
3 74.9 82.3 82.2 
4 73.0 70.4 75.2 
AVERAGE n.3 80.2 81.0 
1 14.2 31.0 25.9 
2 11.4 29.3 20.6 
3 10.4 23.6 18.3 
4 9.6 26.1 16.4 
AVERAGE 11.1 27.6 23.7 
1 11.9 20.9 24.7 
2 10.0 13.3 15.7 
3 10.0 10.0 12.0 
4 14.3 23.2 9.3 
TOTAL 46.2 67.4 61.7 
1 14.0 23.9 42.6 
PARTICI E 2 13.6 19.9 45.9 
SIZE 3 12.6 25.2 37.2 
(µm) 1--~-4~~--+~~1_1._5~-1-~~27_.0~~1--~3_2_.7~--i 
AVERAGE 12.7 24.5 40.2 
FEED PARTlbLE SIZE (µm) 12.8 22.6 42.0 
POOLED STID. DEV. (%) 4.0 6.5 7;3 
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FIGURE 3. 8 Variation of Mass Pull and Particle Size with Feed 
Size at Different Heights in the Froth 
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FIGURE 3. 9 Relationship Between Grade and Recovery for 
Different Particle Sizes and Height in the Froth 
Chapter 3 Froth Zone Effects Page 125 
As the particle size increases the number of particles per unit mass 
decreases. The ratio of the number of particles of fine : unsized : coarse 
material was about 35:6:1 in the feed and about 45:4:1 in the froth. Thus 
the number of particles in the froth decreased sharply as the particle size 
increased. 
The mas~ pull at the bottom of the froth indicates that the extent of 
entrainment decreased as the particle size increased. The grades for the 
coarse feed system were lower than those for the unsized system because 
any coarse gangue particles which were entrained into the froth would have 
been trapp1!d and would not have been able to drain from the froth with 
the water. The recoveries found with the coarse fraction were higher than 
for the unsized material except for the bottom segment. This is because 
there was r o fine pyrite to entrain into the bottom of the froth. Since pyrite 
is twice as dense as quartz, it is unlikely that the coarser pyrite would have 
been entrai 'led. 
3.4.2.v PULP TEMPERATURE 
The resul s of the pulp temperature tests can be seen in Table 3.8. Five 
different temperatures were examined, viz: 5°C, 15°C, 25°C, 35°C and 45°C. 
It must be noted that at the higher temperatures the froth became less 
stable due o increased froth drainage, and the maximum froth height which 
could be a1 ained was, thus, decreased. The viscosity of water decreases 
by a factor of 2.5 as the temperature increases from 5°C to 45°C (Table 
3.8), and hence there must have been a corresponding increase in froth 
drainage. Thus, it would be expected that the highest mass pulls and 
recoveries would be recorded at the lower temperatures, while the best 
grades woL Id occur at the higher temperatures. 
Figure 3. ~O shows the average grade and particle size and the overall 
recovery at the different temperatures. It can be seen, as expected, that 
the grade increased and the recovery decreased as the temperature 
increased. The decrease in particle size in the froth with increasing 
temperature indicates that the degree of entrapment of entrained gangue 
particles decreased with increasing temperature. It has also been shown 
that the bu Jble size decreases as the temperature increases. Entrainment 
- ---
·-
... 
- ···------· L·-· - ·- .... ~ -·· ... "·--~- . .. . ~ ~. --· -· ,, . ~ -· - ·-
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increases'. ts the bubble size increases due to the increase in rise velocity 
of the bub les, thus entrainment decreased as temperature increased. 
TABLE 3.8 . Batch Froth Cutting Tests : Temperature 
I SEGMENT TEMPERATURE 
! 5 15 25 35 45 l 
I {deg C) {deg C) {deg C) {deg C) (deg C) 1 2.96 1.84 1.04 
I PARTICl E 2 1.00 1.02 0.70 0.00 
I MASS 3 0.58 0.72 0.65 0.72 0.96 
(grams) 4 0.50 0.74 1.37 1.78 1.96 
TOTAL 5.04 4.32 3.76 3.30 2.92 
1 11.6 9.5 8.2 
WATEF 2 15.5 13.6 9.3 8.8 
MASS 3 14.1 12.0 9.8 11.4 11.2 
(grams) 4 11.7 14.0 16.3 12.0 16.5 
TOTAL 52.9 49.1 43.6 32.2 27.7 
1 0.255 0.194 0.127 
PARTICL ~ 2 0.065 0.075 0.075 0.091 
WATER 3 0.041 0.060 . 0.066 0.063 0.086 
RATIO 4 0.043 0.053 0.084 0.148 0.119 
AVERAGE 0.095 0.088 0.086 0.102 0.105 
1 77.9 82.2 85.0 
AIR 2 72.1 75.4 83.2 84.0 
HOLD-UI~ 3 74.8 78.4 82.3 79.5 79.7 
(%} 4 79.0 74.8 70.4 17.8 69.8 
AVERAGE 75.9 n.1 80.2 80.4 74.7 
1 26.5 28.9 31.0 
GRADE 2 25.1 26.6 29.3 36.3' 
(%S) 3 24.2 24.3 23.6 29.6 39.9 
4 22.8 22.9 26.1 . 23.2 24.3 
AVERAGE 25.5 26.5 27.6 27.8 29.4 
1 50.9 34.5 20.9 
RECOVEF y 2 16.3 17.6 13.3 18.9 
(%) 3 9.1 11.4 10.0 13.8 24.9 
... 0 4 7.3 11.0 23.2 26.8 30.9 
TOTAL 83.6 74.5 67A 59.5 55.8 
1 26.9 25.2 23.4 
PARTICL: 2 27.6 26.4 27.1 20.9 
SIZE 3 27.9 26.7 26.2 23.6 17.2 
(µm) 4 30.2 29.6 28.3 24.1 23.4 
AVERAGE 27.5 26.5 26.4 23.2 21.4 
FEED PART . SIZE {µm) 22.6 22.6 22.6 22.6 22.6 
POOLED ST b. DEV.(%) 4.9 3.6 6.5 2.6 4.1 
WATERVISI ~OSITY (cp) 1.52 1.14 0.89 0.72 0.60 
Chapter3 Froth Zone Effects · 
75 
60 
-
Page 127 
25 
20 
~ 
:::IJ 
~ 
0 
I 
m 
'c:J<. 45 
m GRADE(% S) 
- RECOVERY (%) ........................................... 15 (JJ 
-a- PARTICLE SIZE 
30 ··········································································· 
15 
0 
5 15 25 35 45 
TEMPERATURE (deg C) 
O• 0 
10 
5 
0 
N 
m 
-
"t: 
3 
-
FIGURE 3 20 Effect of Pulp Temperature on the Grade, Recovery 
and Particle Size in the Froth 
3.4.2.vi FROTH HEIGHT TESTS 
Tests we e conducted at different froth heights with both pure pyrite, and 
the pyrite-q
1
uartz mixture used in the previous tests (Tables 3.9 and 3.10). 
Five different heights were examined (100 mm, 80 mm, 60 mm, 40 mm 
and 20 m~) so that a profile of the froth could be obtained as the froth 
built up. ny froth rearrangement which occurred would then become 
evident. T e two different types of feed were used so that any differences 
in froth be aviour between a system with floatable particles only and a 
system wit both floatable and non-floatable particles could be highlighted. 
It should b noted that the results for the same segment in different tests 
are not dir ctly comparable. For example at a froth height of 40 mm 
segment 3 as at the top of the froth, while it was near the bottom when 
the froth h ight was 100 mm. 
The tren s in the mass recovery were the same for both the pyrite, and 
the pyrite-q artz systems. The mass recovery at different froth heights for 
the pyrite- uartz system is shown in Figure 3.21. The highest mass 
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recoveries occurred at the top and the bottom of the froth. The ~igh mass 
recovery at the top of the· froth was because the floatable (coarser) pyrite 
particles were found in this segment and pyrite is about twice as dense as 
quartz. The high particle mass at the bottom of the froth was due to 
entrainment. Entrained material was rejected at the pulp-froth interface due 
to the deceleration of the bubbles. The relatively high mass per segment 
at low froth heights was expected because little froth expansion had occurred, 
and only a short time had been allowed for froth drainage and elutriation 
of entrained material tp occur. 
TABLE 3.9 : Batch Froth Cutting Tests 
RUN 
A 
Pyrite Air Rate and Froth Height Data 
AIR TOTAL TIME SEGMENT PARTICLE WATER PARTICLE/ 
RATE HEIGHT MASS MASS WATER 
(cm/s) (mm) (sec) (g) (g) RATIO 
0.615 100 
1 6.47 4.9 1.32 
2 4.51 5.6 0.81 
24 3 4.05 5.3 0.76 
4 6.80 5.5 1.24 
TOTAL 21.83 21.2 ! 1.03 ___ _,___ __ , ________ _ 
1 4.71 3.0 ! 1.59 
i 
2 5.15 3.9 i 1.32 
B 0.615 80 20 3 4.74 4.2 
4.5 
1.13 
1.56 
c 0.615 60 16 
4 7.00 
TOTAL 21.60 
1 
2 
3 
5.58 
6.03 
15.5 1.39 
2.0 ·2.74 
4.6 1.33 
AIR 
HOLD-UP 
{%) 
94.5 
88.5 
89.2 
87.9 
88.7 
93.0 
91.3 
90.9 
89.6 
91.2 
d(50) 
(µm) 
14.9 
14.3 
11.7 
7.5 
11.6 
15.3 
14.4 
10.7 
7.7 
11.6 
94.5 15.9 
89.7 13.1 
4 6.18 5.7 ! 1.09 87.7 10.5 ~------- ------------- ------+------------ -·---·---=~ 
i 
l 
D 0.615 l 40 
i 
l 
E 0.615 20 
FEED 
TOTAL 17.79 12.3 ! 1.45 90.6 13.0 
1 
2 
13 3 
10 
4 
TOTAL 
1 
2 
3 
4 
TOTAL 
6.24 
6.96 
13.20 
8.78 
8.78 
35.00 
d(50) = 50% passing size. 
1.9 3.30 
3.4 2.07 
5.3 j 2.51 
1.6 5.49 
1.6 5.49 
94.4 
91.5 
93.0 
94.1 
94.1 
16.6 
12.9 
14.6 
17.3 
17.3 
9.4 
Chapter3 
5 
4 
3 
2 
1 
Froth Zone Effects 
SOLi OS MASS ( g) 
20 40 60 80 100 
FROTH HEIGHT (mm) 
Page 129 
TOTAL 
SEGMENT 4 
SEGMENT 3 
SEGMENT 2 
FIGURE 3.21 : Variation of Mass of Solids in the Froth with Froth 
Height for the Pyrite-Quartz System 
If the pure pyrite, and the mixed system are compared it can be seen 
that the solids mass pull for the pure pyrite system was much greater than 
that of the mixed system. This is to be expected because there was ten 
times as much floatable material in the pyrite system as in the mixed system. 
The water recovery for the mixed system was, however, higher. The 
reason for this was that the floated pyrite forms bridges between bubbles, 
effectively forcing the inter-bubble water lamellae to thin. In the mixed 
system, the larger quartz particles which were trapped in the froth could 
prevent this from happening by keeping the bubbles further apart and thus 
the froth was more hydrated. There were also less floated pyrite particles 
in the mixed system to form bridges between bubbles . 
. 
It can be seen from Tables 3.9 and 3.1 O that the amount of water in the 
froth. decreased as height in the froth increased. This means that the froth 
was best drained at the top, and that the amount of entrained material 
should have increased as height in the froth decreased. 
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TABLE 3.10 : Batch Froth Cutting Tests 
Pyrite/Quartz Air Rate and Froth Height Data 
RUN AIR TOTAL TIME SEGMENT PARTICLE WATER PARTICLE/ AIR !GRADE REC d(50) I 
RATE HEIGHT MASS MASS WATER HOLD-UP! ! I 
(cm/s) (mml (sec} fa\ ((1) RATIO (%) i (%Sl (%} <uml i 
1 1.71 10.7 0.160 90.1 ! 32.9 37.0 18.6 ! 
I 
18.4 \ 2 0.76 13.2 0.058 76.2 I 25.3 12.6 
A 0.615 100 47 3 0.77 16.1 0.048 71.1 ! 19.2 9.7 25.o I ! 
4 1.13 17.6 0.064 68.0 I 26.5 19.7 30.8 ! 
·TOTAL 4.37 57.6 0.076 74.0 -i 26.6 79.0 24.5 i 
1 1.15 9.1 0.126 83.3 I 31.4 23.7 ~:::I 2 0.89 10.3 0.086 81.3 
I 
29.6 17.3 
B 0.615 80 39 3 0.88 11.2 0.079 79.7 24.1 13.9 24.0 ! 
I 
4 1.25 17.9 9.0?Q. 67.7 
' 
29.2 24.0 29.6 i 
TOTAL 4.17 48.4 0.086 78.0 I 28.8 78.9 25.9 ! 
1 ! i 
2 1.16 12.3 .0.094 77.7 i 31.8 24.3 26.81 
c 0.615 60 31 3 1.03 13.0 0.084 76.5 ! 30.0 20.3 26.3 i 
_!_ __ ~-1.:.'!? _____ 14.0 0.106 74.5 I 26.2 25.4 22.8 I 
------ ----------
,___ __ 
TOTAL 3.67 39.4 0.093 76.2 i 29.0 70.0 25.0 
1 I 
2 ; 
D 0.615 40 25 3 1.19 7.8 0.153 85.6 I 39.3 30.7 31.8 
-·-4 __ 1.66 10.2 0.163 81.1 ! 35.7 38.9 29.4 ' 
-------------- ------ --------------------r 
TOTAL 2.85 18.0 0.158 83.4 ! 37.2 69.6 30.4 ! 
1 I 2 
E 0.615 20 20 3 ! 
4 2.33 9.7 0.240 81.7 42.4 64.8 32.0 I 
TOTAL 2.33 9.7 0.240 81.7 i 42.4 64.8 32.0 i 
1 1.04 13.7 0.076 75.4 31.6 21.5 21.9 \ 
2 0.94 13.0 0.072 76.5 28.8 17.8 24.3 i 
' F 0.518 80 47 3 1.43 13.8 1.036 74.8 18.2 17.1 27.8 ! 
4 1.61 16.6 0.097 69.7 15.9 16.8 26.3 ! 
TOTAL 5.02 57.1 0.088 74.1 22.2 73.2 25.6 i 
1 1.00 15.6 0.064 71.9 29.9 19.6 23.6 j 
2 1.09 13.2 0.826 76.1 \ 25.3 18.1 24.7 l i G 0.414 80 59 3 1.45 12.1 0.120 77.8 
' 
17.3 16.4 32.4 ! ! 4 2.00 17.1 0.117 68.6 
' 
12.1 15.8 26.8 ! 
TOTAL 5.54 58.0 0.096 73.6 t 19.3 69.9 27.3 ! 
FEED 35.00 I 4.4 29.2 ! 
d(50) = 50% passing size. 
The trends in particle size with froth height for both systems are shown 
in Figures 3.22 and 3.23. From Figure 3.22 it can be seen that the coarsest 
pyrite floated first. It should be noted all the pyrite used in these tests was 
finer than 38 µm with 57 percent being in the sub 1 O µm range. The 
ultra-fine pyrite does not float well and tends to be entrained. 
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FIGURE 3.22 : Variation of Particle Size in the Froth with Froth 
Height for the Pure Pyrite System 
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FIGURE 3.23 : Variation of Particle Size in the Froth with Froth 
Height for the Pyrite-Quartz System 
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For the pyrite-quartz system (Figure 3.23} the particle size decreased as 
height in the froth increased. This is because the amount of entrained 
material decreased as height in the froth increased. The quartz used in 
these tests was significantly larger than the pyrite, and so this result would 
be expected. 
It can be seen from the grade-recovery data in Table 3.1 O that the pyrite 
floated first and then an increasing amount of quartz was entrained into. the 
froth. The small initial degree of entrainment indicates t~e bubbles were 
well loaded with pyrite, preventing quartz entrainment. Thus the 20 mm 
froth height test had the highest grade and the 100 mm test, the lowest. 
It can also be seen that the highest recoveries occurred in the top segment. 
The relatively high recoveries in the bottom segment were again due to 
entrainment of fine pyrite. 
3.4.2.vii AIR RATE TESTS 
Three sets of air flow rate tests were conducted with the pyrite-quartz ore 
at superficial air velocities of 0.414 cm/s, 0.518 cm/s and 0.615 cm/s 
(Table 3.10). The aim of these tests was to establish the· effect of air flow 
rate on the froth. The air flow rate affects the bubble size and the bubble 
surface area, as well as the ·rate of flotation. Debby and Finch (1985} 
propose the following relationship for the rate constant (kr) in a column cell: 
kr = 1.5·E·Jg/db 
where E is the collision efficiency, J9, the superficial gas velocity and db the 
bubble diameter. Dobby and Finch (1985) also state that: 
The value of x varies between O and 1 depending on the. way in which the 
bubbles are generated and the frother type and concentration. Therefore: 
k J 1-x r oc g 
The collision efficiency (E) decreases as the bubble size increases. This 
means that there is an optimum air flow rate for flotation in the pulp. The 
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rate at which flotation occurs in the pulp affects the froth, so there must 
also be an optimum air flow rate for the froth. It does not appear that the 
air flow rates chosen for these tests straddled this optimum. 
Table 3.1 O shows that the solids mass pull tended to increase as the air 
flow rate decreased. This indicates one of two things: Either, the more 
tightly packed froth resulting from fine bubbles led to increased entrapment 
of gangue, or the major way in which particles were transferred into the 
froth was by flotation and not entrainment. The higher air r~tes would have 
given larger bubbles and would have favoured the entrainment mechanism. 
The smaller bubbles formed at low air rates would have favoured flotation, 
especially with fine material, because the streamlines around the bubbles 
are less pronounced and the chances of bubble-particle collision are greater. 
The variations of sulphur grade and recovery with superficial air rate are 
shown in Figure 3.24. It can be seen that both the grade and the recovery 
increased as the air rate. increased. This was not what would be expected, 
but it must be remembered that all the air rates chosen for these tests are 
low. Since· the highest mass of solids was recovered at the lowest air rate 
there must have been a large degree of entrapment of gangue material at 
the lower air flow rates. This was probably due to poor .dfroth draJnage 
because the froth was more tightly packed due to the smaller bubbles. This 
is confirmed by the air hold-up profiles (Table 3.10). It can be seen from 
the grades in segment 4 that little ultra-fine pyrite was entrained into the 
bottom of the froth at the low air flow rates, but this increased as the air 
rate increased. 
The recoveries at the different air flow rates follow the same trends as 
the grade. The probable reason for the increase in recovery as the air rate 
increases was the increased amount of bubble surface area available to 
float the pyrite particles. 
There does not appear to . be any marked trend in the particle size 
distributions as the air flow rate changed. There was, however, a general 
increase in the size of particles as the froth height decreased. This was, 
· again, due to the different amounts of entrained quartz at different levels in 
the froth. 
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Froth with Superficial Air Rate 
3.4.3 CONTINUOUS FROTH CUTTING TESTS 
Froth cutting tests were carried under continuous conditions ·to determine 
the effects of four different flotation parameters on the froth at different 
heights in the froth. The four parameters were: pulp density, air rate, frother 
concentration, and froth height. Three different systems were studied: 
• a pyrite-quartz mixture without wash water, to compare the results 
of the continuous and the batch systems and to highlight any 
differences between steady state and non-steady state operation; 
• a pyrite-quartz mixture with wash water to quantify the effect that 
froth washing ·has at different levels in the froth, and to compare 
a system with a typical column froth to a system with a deep 
conventional froth; and 
• the Unisel ore used in the residence time distribution studies so 
that the effects occurring at different levels in the froth could be 
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correlated with the froth residence time distribution, and to study 
a real ore and compare it to the synthetic ores used in the other 
tests. 
Information was again gained about the solids mass, the water mass, the 
solid-to-water ratio, the air hold-up, the particle size and the grade at different 
levels in the froth, as well as the overall recovery. 
3.4.3.i REPRODUCIBILITY 
Six repeat runs, using the pyrite-quartz system with wash water, were 
conducted under identical conditions to establish the reproducibility of the 
system. The conditions were: 
• a pulp density of 20% solids, 
• a superficial air rate of 1.2 cm·s·1, 
• a frother concentration of 25 ppm, and 
• a froth height of 120 mm. 
These data are given in Table 3.11. It was found that, at a 95% confidence 
limit, the mass of solids recovered was within 13% of the mean, and the 
water recovery within 26% of the mean. The precision of these values is 
significantly better than the batch system. 
It was again decided to conduct three runs at the same conditions and 
to combine the froth from each segment for sulphur and particle size analyses. 
A similar criterion for the acceptance of a run was set to that used for the 
batch system; i.e. the masses of solids and water recovered must be within 
1.5 standard deviations of the mean for the three runs. This meant that 
the solids recovery had to be within 7.5% of the mean and the water had 
to be within 14.8% of the mean for the run to be accepted. The increase 
in precision when the concentrates from each segment for the three run are 
combined can be seen in Table 3.12. The 95% confidence limits decreased 
from 12.8% to 3.3% for the solids recovery, and from 25.3% to 7.7% for 
the water recovery. 
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TABLE 3.11 Reproducibility : Continuous Froth Cutting Tests 
RUN PARTICLE MASS (Q) 
CONC TAILS 1 2 3 4 TOTAL MEAN 
1 25.9 288 1.19 1.33 1.71 2.24 6.47 1.62 
2 28.6 281 1.24 1.42 1.71 2.12 6.49 1.62 
3 26.6 292 1.20 1.34 1.77 2.25 6.57 1.64 
4 28.0 303 1.11 1.60 1.87 2.26 6.84 1.71 
5 I 28.5 284 1.27 1.38 1.72 2.23 6.60 1.65 
6 25.1 300 1.13 1.33 1.61 2.02 6.10 1.53 
AVERAGE 27.1 291 1.19 1.40 1.73 2.19 6.51 1.63 
STD. DEV. 4.91% 2.69% 4.70% 6.65% 4.47% 4.03% 3.37% 4.96% 
SIGNIFICANT VARIATION (95% CONFIDENCE LIMIT) 12.76% 
RUN WATER MASS (g) 
CONC TAILS 1 2 3 4 TOTAL MEAN 
1 532.7 1355 31.4 31.6 23.9 33.1 120.0 30.0 
2 529.8 1339 28.1 28.6 33.9 33.2 123.8 30.9 
3 452.6 1413 27.0 27.1 28.5 29.0 111.7 27.9 
4 518.5 1293 31.2 34.9 34.3 27.5 127.9 32.0 
5 462.2 1343 22.3 28.8 29.8 34.5 115.5 28.9 
6 565.0 1213 29.2 28.4 32.6 30.5 120.7 30.2 
AVERAGE 510.1 1326 28.2 29.9 30.5 31.3 119.9 30.0 
STD. DEV. 7.84% 4.64% 10.77% 8.79% 11.85% 8.01 % 4.09% 9.86% 
SIGNIFICANT VARIATION (95% CONFIDENCE LIMIT) 25.33% 
RUN PARTICLE/WATER RATIO 
CONC TAILS 1 2 3 4 TOTAL MEAN 
1 0.049 0.213 0.038 0.042 0.071 0.068 0.055 0.055 
2 0.054 0.210 0.044 0.050 0.050 0.064 0.052 0.052 
3 0.059 0.207 0.044 0.049 0.062 0.078 0.058 0.058 
4 0.054 0.234 0.036 0.046 0.054 0.082 0.055 0.055 
5 0.062 0.211 0.057 0.048 0.058 0.065 0.057 0.057 
6 0.044 0.247 0.039 0.047 0.049 0.066 0.050 0.050 
AVERAGE 0.053 0.220 0.043 0.047 0.058 0.070 0.054 0.054 
STD. DEV. 10.81% 6.84% 16.29% 5.51% 13.08% 9.96% 11.21% 11.21% 
SIGNIFICANT VARIATION (95% CONFIDENCE LIMITI 28.80% 
RUN AIR HOLD-UP 
CONC TAILS 1 2 3 4 TOTAL MEAN 
1 62.7 62.3 71.3 60.3 64.2 64.2 
2 66.6 66.0 59.5 60.1 63.0 63.0 
3 67.8 67.7 65.9 65.1 66.6 66.6 
4 63.0 58.4 59.0 66.9 61.8 61.8 
5 73.3 65.6 64.4 58.6 65.5 65.5 
6 65.4 66.2 61.2 63.4 64.0 64.0 
AVERAGE 66.5 64.4 63.6 62.4 64.2 64.2 
STD. DEV. 5.36% 4.85% 6.71% 4.73% 2.43% 5.41% 
SIGNIFICANT VARIATION (95% CONFIDENCE LIMIT) 13.91% 
RUN PARTICLE SIZE !µm) 
CONC TAILS 1 2 3 4 TOTAL MEAN 
1 19.6 22.6 19.9 20.0 22.6 23.9 22.0 21.6 
2 19.3 23.5 18.7 20.4 23.0 23.5 21.7 21.4 
3 18.1 23.1 20.4 19.7 22.1 23.0 21.6 21.3 
4 18.9 23.4 18.4 19.7 22.4 23.3 21.5 20.9 
5 18.2 22.5 19.4 20.7 22.3 23.0 21.6 21.4 
6 18.4 22.9 20.2 20.9 22.2 24.2 22.2 21.9 
AVERAGE 18.8 23.0 19.4 20.4 22.4 23.5 21.7 21.4 
STD. DEV. 3.03% 1.74% 3.72% 2.35% 1.33% 1.83% 1.20% 2.31% 
SIGNIFICANT VARIATION (95% CONFIDENCE LIMIT) 5.06% 
RUN GRADE(%$) 
CONC TAILS 1 2 3 4 TOTAL MEAN 
1 39.1 2.3 39.5 36.8 31.7 24.2 31.6 33.0 
2 41.1 1.7 38.4 38.6 33.7 24.5 32.6 33.7 
3 40.2 2.4 43.5 38.2 33.6 25.4 33.5 35.1 
4 42.6 1.7 41.6 39.0 32.6 24.0 32.7 34.3 
5 42.2 1.9 40.5 38.1 32.9 25.2 32.8 34.1 
6 41.9 2.0 41.6 37.4 34.0 23.7 32.7 34.1 
AVERAGE 41.2 2.0 40.9 38.0 33.1 24.5 32.7 34.1 
STD. DEV. 2.95% 13.44% 4.05% 1.95% 2.31% 2.59% 1.75% 2.73% 
SIGNIFICANT VARIATION (95% CONFIDENCE LIMITI 7.00% 
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The raw data for all the subsequent runs is given in Appendix 2, Tables 
A2.1 to A2.12. The experimental conditions used were those specified in 
section .3.3.3 unless otherwise stated. 
TABLE 3.12 : Continuous Froth Cutting Reproducibility Tests 
SEGMENT 1 2 3 4 AVERAGE 
SOLIDS AVERAGE 1.19 1.40 1.73 2.19 1.63 
MASS STD. DEV. 4.70% 6.65% 4.47% 4.03% 4.96% 
(g) SIGNIFICANT VARIATION (95% CONFIDENCE LIMIT)· 12.76% 
WATER AVERAGE 28.2 29.9 30.5 31.3 30.0 
MASS STD. DEV. 10.no/o 8.79% 11.85% 8.01% 9.86% 
(g) SIGNIFICANT VARIATION (95% CONFIDENCE LIMIT) 25.33% 
s SOLIDS/ AVERAGE 0.043 0.047 0.058 0.070 0.054 
I WATER STD. DEV. 16.28% 5.50% 13.08% 9.95% 11.21% 
N RATIO SIGNIFICANT VARIATION (95% CONFIDENCE LIMIT) 28.80% 
G AIR AVERAGE 66.5 64.4 . 63.6 62.4 64.2 
L HOLD-UP STD. DEV. 5.36% 4.85% 6.71% 4.73% 5.41% 
E (%) SIGNIFICANT VARIATION (95% CONFIDENCE LI Min. 13.91% 
PARTICLE AVERAGE 19.4 20.4 22.4 23.5 21.4 
SIZE STD. DEV. 3.72% 2.35% 1.33% 1:033 2.31% 
(µm) SIGNIFICANT VARIATION (95% CONFIDENCE LIMIT) 5.06% 
GRADE AVERAGE 40.9 38.0 33.1 24.5 34.1 
(%S) STD. DEV. 4.05% 1.95% 2.31% 2.59% 2.73% 
SIGNIFICANT VARIATION (95% CONFIDENCE LIMIT) 7.00% 
SEGMENT 1 2 3 4 AVERAGE 
SOLIDS AVERAGE 1.19 1.40 1.73 2.19 1.63 
MASS STD. DEV. 1.68% 2.62% 0.10% 0.76% 1.29% 
(g) SIGNIFICANT VARIATION (95% CONFIDENCE LIMIT) 3.32% 
WATER AVERAGE 28.2 29.9 30.5 31.3 30.0 
MASS STD. DEV. 2.21% 2.70% 5.63% 1.48% 3.00% 
G (g) SIGNIFICANT VARIATION (95% CONFIDENCE LIMIT) 7.71% 
R SOLIDS/ AVERAGE 0.043 0.047 0.058 0.070 0.054 
0 WATER STD. DEV. 1.59% 0.25% 6.58% 0.83% 2.31% 
u RATIO SIGNIFICANT VARIATION (95% CONFIDENCE LIMIT) 5.94% 
p AIR AVERAGE 66.5 64.4 63.6 62.4 64.2 
E HOLD-UP STD. DEV. 0.66% 0.91% 2.12% 0.71% 1.10% 
D (%) SIGNIFICANT VARIATION (95% CONFIDENCE LIMIT) 2.82% 
PARTICLE AVERAGE 19.4 20.4 22.4 23.5 21.4 
SIZE STD. DEV. 0.79% 1.07% 0.62% 0.13% 0.65% 
(µm) SIGNIFICANT VARIATION (95% CONFIDENCE LIMIT) 1.67% 
GRADE AVERAGE 40.9 38.0 33.1 24.5 34.1 
(%S) STD. DEV. 1.00% 0.44% 0.28% 0.86% 0.65% 
SIGNIFICANT VARIATION (95% CONFIDENCE LIMIT) 1.67% 
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3.4.3.ii EFFECT OF FLOTATION PARAMETERS ON MASS 
RECOVERY AT DIFFERENT LEVELS IN THE FROTH 
Page 138 
The variation of the mass of solids recovered at different levels in the 
froth as the pulp density, superficial air rate, frother concentration and froth 
height were varied is shown in Figure 3.25. It can be seen that the mass 
recovery was always highest for the pyrite-quartz system without wash water, 
and lowest for the Unisel system. This would be expected because the 
wash water should wash entrained gangue material from the froth, and the 
Unisel ore contained less floatable material (pyrite) than the other systems 
(3.5% as opposed to 10%). 
As the pulp density increased there was a steady increase in the mass 
of solids in the froth. This would be expected because there were more 
I 
solids to float. It can also be seen that there was a general trend for the 
amount of solids in each froth segment to increase as height in the froth 
decreased. This indicates either that there was more entrained material in 
the lower levels of the froth or that the bubbles were coalescing at the top 
of the froth and material was being lost from this zone. In the system with 
no wash water it is likely that bubbles would coalesce at cthe top of the 
froth due to froth drainage, but this is less likely in the systems with wash 
water because the froth was well hydrated. The mass recovery profile in 
the froth for the system with no wash water is different to the batch system. 
The reason for this is that in the batch system there was a limited amount 
of floatable material, and this tended to float first giving a high mass pull 
at the top of the froth. In the continuous system, the pyrite was continuously 
being replaced as fresh feed entered the column, and thus the froth showed 
a decrease in the mass of ore as height in the froth increased because the 
entire froth was saturated with pyrite, and entrained material was being lost 
from the top of the froth by elutriation and bubble coalescence. 
There was a trend for the mass pullto increase as the air rate decreased . 
. This trend was also observed in the batch froth cutting tests and can only 
be ascribed to a bubble size effect. Smaller bubbles are produced at the 
lower air flow rates, and this leads to better flotation of the fine material 
and less entrainment. There is a possibility that material was trapped in 
the froth due to the more tightly packed froth in the system without wash 
water, but this was unlikely to be the case in the other systems. It was 
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Chapter3 Froth Zone Effects Page 140 
found that the degree of mixing in the froth increased as the air rate 
increased. This could have led to floated material being lost at the bottom 
of the froth, and entraine_d material being circulated to the top of the froth. 
A decrease in grade with increasing air rate would then have been expected, 
and this was observed (Figure 3.29). 
As the frother concentration increased the mass pull increased for the two 
systems with wash water. This was expected because the bubbles were 
more stable and hence there should have been less bubble coalescence. 
For the system without wash water significantly higher concentrations of 
frother, were needed to produce a tall froth. This is because the froth was 
less hydrated, and hence there was more bubble coalescence. It can also 
be seen that a frother concentration of 75 ppm produced the highest overall 
mass recoveries. A similar trend was found in the batch froth cutting tests. 
The l~~er mass pull at the low frother concentration was due to the froth 
being less stable, and hence losing material. The lower recovery at the 
high frother concentration for the batch tests was ascribed to a short time 
for the pyrite to float before the froth had to be cut, but that was clearly 
not the case here. In the batch tests the biggest differences in mass 
recoveries were found in the top segment where the 75 ppm frother 
concentration had about double the mass pull of the 100 ppm test. In this 
system it can be seen that there was no segment in which the mass 
recoveries for the two cases were significantly different. If the grade profiles 
(Figure 3.29) are examined it can be seen that the 100 ppm system showed 
lower grades throughout the froth than the 75 ppm system. It is thus likely 
that more of the entrained material was trapped in the froth and that the 
froth residence time was decreased at the higher frother concentration. It. 
must be remembered that pyrite is about twice as dense as quartz. The 
assumption of a shorter froth residence time is borne out by the rates of 
concentrate recovery for the two systems. The 100 ppm system had the 
higher mass pull (Table A2.3). 
It must be noted that only the top 120 mm of the froth was sampled when 
the froth height was changed. This means that all of the froth was split at 
a froth height of 120 mm, half at 240 mm, and only the top third at a froth 
height of 360 mm. The trends observed in the mass recovery were expected, 
with a. relatively large overall mass pull for the 120 mm froth and this 
decreased markedly as the froth height increased to 240 mm and then 
Chapter3 Froth Zone Effects Page 141 
I 
decreased slightly further at 360 mm. This trend was most marked in the 
system without wash water because of the decrease in froth stability. If 
the pyrite-quartz systems are compared, it can be seen the mass recovery 
was the highest for the system with no wash water at 120 mm but the 
lowest at the other two froth heights. There was also a two fold decrease 
in concentrate mass flow as the froth height increased from 120 to 360 mm 
for the system with no wash water, compared a 1.36 time decrease for the 
system with wash water. 
The other notable factor is that there was a large decrease in mass pull 
as the height in the froth increased for the 120 mm tests, and this trend 
was not nearly as marked for the other two froth heights (e.g. a factor of 
1.83 for 120 mm compared to 1.17 for 360 mm; pyrite-quartz system with 
wash water.) This trend was expected because there should have been 
little entrained material in any of the segments with the deeper froths. 
3.4.3.iii EFFECT OF FLOTATION PARAMETERS ON SOLIDS-TO-
WATER RATIO AT DIFFERENT LEVELS IN THE FROTH 
The variation of the mass ratio of solids.-to-water at different levels in the 
froth as the pulp de·nsity, superficial .air rate, frother concentration and froth 
height were varied is shown in Figure 3.26. It can be seen that in all cases 
the solids-to-water ratio for the system without wash water was significantly 
larger than for the two system~ with wash water. This was expected. It 
can also be seen that the Unisel system always had a lower solids-to-water 
ratio than the pyrite-quartz system with wash water. There was little 
difference in the water masses recovered, so this was purely the effect of 
the different mass recoveries discussed in the previous section. The 
solids-to-water ratio also decreased as height in the froth increased due to 
the increasing amount of solids towards the bottom of ,the froth. This trend 
was not well marked in the system without wash water because of the 
drainage of the water from the upper levels in the froth. 
In all cases the solids-to-water ratio increased as the pulp density increased 
because there were more particles in the froth and the amount of water in 
the froth changed little. 
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. ,: The solids-to-water ratio decreased as the air rate increased for the systems 
. ~with wash water and increased as the air rate increased for the pyrite-quartz 
. system without wash water. The reason for the trend in the systems with 
wash water was that the mass of solids collected increased as the air rate 
·• decreased while the water recovery remains reasonably constant. Although 
the mass of solids collected in the system with no wash water increased 
as the air rate decreased, the water recovery. decreased sharply as the air 
rate increased. This was because the water drained from the froth more 
easily as the bubble size increased. The net result was an increase in 
solids-to-water ratio as the air rate decreased. 
The solids-to-water ratio increased as the frother concentration increased 
for the systems with wash water, but decreased as the frother concentration 
increased for the pyrite-quartz system without wash water. Again, for the 
systems with wash water, there was an increase in the solids mass recovery 
while the water recovery remained relatively constant. For the system with 
no wash water, decreasing the frother concentration led to thinner water 
films around bubbles, and hence to a less hydrated froth. The relatively 
high values observed in the top sections of the froth were due to froth 
drainage, and it can clearly be seen that this was most prevalent in the 50 
ppm test, confirming that higher frother concentrations inhibited the drainage 
of water from the froth. 
There was a trend for the solids-to-water ratio to decrease as the froth 
height increased. This was a direct result of the mass recovery trends 
discussed in the previous section. The sharp increase in the solids-to-water 
ratio at the bottom of the froth (segment 4) for the systems with wash water 
at a froth height of 120 was due to the recycling of entrained material in 
this zone. 
3.4.3.iv EFFECT OF FLOTATION PARAMETERS ON THE AIR 
HOLD-UP AT DIFFERENT LEVELS IN THE FROTH 
The variation of the air hold-up at different levels in the froth as the pulp 
density, superficial air rate, frother concentration and froth height were varied 
is shown in Figure 3.27. The air hold-up in the froth is a good indication 
of the drainage of water from the froth. The higher the air hold-up, the 
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Chapter3 Froth Zone Effects Page 145 
better drained the froth. If it is assumed that the entrained material follows 
the water in the froth, then the higher the air hold-up, the smaller the amount 
of entrained material in the froth. 
Generally the air hold-up in the froth increased as height in the froth 
increased, as would have been expected. This trend, however, was not 
marked in the systems with wash water, as water was continuously added 
to the top of the froth, masking the froth drainage. It also appeared that 
none of the flotation parameters had much effect on the ~ir hold-up when 
wash water is added. 
Changing the pulp density had virtually no effect on the system without 
wash water. This was to be expected because the pulp density should 
have had little effect on the rate of froth drainage. 
As stated before increasing the air rate, and hence the bubble size caused 
more water to drain from the froth, and so the air hold-up increased as the 
air rate increased for the system with no wash water. 
Likewise, increasing the frother concentration inhibited froth drainage and 
bubble coalescence. This resulted in the lowest air hold-ups being recorded 
at the highest frother concentrations. 
The froth height was the only parameter that appeared to have a major 
effect on the air hold-up in the system where no wash water was used. 
As would have been expected, the extent of froth drainage increased as 
the froth height increased. 
3.4.3.v EFFECT OF FLOTATION PARAMETERS ON THE PARTICLE 
SIZE AT DIFFERENT LEVELS IN THE FROTH 
The variation of particle size at different levels in the froth as the pulp 
density, superficial air rate, frother concentration and froth height were varied 
is shown in Figure 3.28. In general, the particle size in the froth and its 
water content are good indicators of the amount of entrained material in the 
froth, the smaller the particle size and the more water in the froth, the more 
entrainment. This should definitely have been true for the Unisel ore, but 
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not for the synthetic ore because the quartz was coarser than the pyrite. 
It can be seen, generally, that the average particle size increases as height 
in the froth increased for the Unisel ore and decreased as height in the 
froth increased for the synthetic ore. It can also be seen that the pyrite-quartz 
system with wash water had a smaller mean particle size in the froth than 
the system without wash water. This was expected because much of the 
coarser (gangue) material would have been elutriated from the froth by the 
wash water. 
As the pulp density increased the proportion of entrained material in the 
froth decreased. This is evident because the particle size in the froth 
decreased for the pyrite-quartz systems and increased for the Unisel system 
as the pulp density increased. As the pulp density increased there were 
more floatable particles available in the pulp, and so the bubbles were likely 
to be more loaded with floated material. This would slow the rise rate of 
the bubbles and result in less entrainment. Thus ratio of floated-to-entrained 
particles in the froth would increase. 
Changing the air rate had little effect on the pyrite-quartz systems, but 
the particle size in the Unisel system increased as the air flow rate decreased. 
As the air flow rate decreases the bubbles become smaller. The increase 
in the particle size for the Unisel system was either due to more efficient 
flotation due to the finer bubbles, or to less elutriation of the coarse gangue 
material from the froth because the smaller bubbles resulted in a more tightly 
packed froth. The small bubbles were unlikely to entrain much of the quartz 
in the pyrite-quartz systems because this material was relatively coarse. 
It can generally be seen that the mean particle size in the froth increased 
as frother concentration increased. This was probably due to the froth being 
more tightly packed at the higher frother concentrations, and the larger 
particles being trapped in the froth. 
The particle size tended to increase as the froth height increased for the 
pyrite-quartz systems and tended to decrease for the Unisel system. This 
was expected because the amount of entrained material in the froth should 
have decreased as froth height increases. In the system with no wash 
water, the large increase in the particle size at the bottom of the froth was 
testimony to the amount of entrained material in this zone. 
.. 
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3.4.3.vi EFFECT OF FLOTATION.PARAMETERS ON SULPHUR 
GRADE AT DIFFERENT LEVELS IN THE FROTH 
The variation of sulphur grade at different levels in the froth as the pulp 
density, superficial air rate, frother concentration and froth height were varied 
is shown in Figure 3.29. It can be seen, as expected, that grade increased 
as height in the froth increased. It can also be seen that the grade for the 
pyrite-quartz system with wash water was higher than for the system without 
wash water. 
The grade tended to increase as the pulp density increased becau?e there 
was less mixing in the froth. If there was macro-mixing in the froth then 
entrained particles from the bottom of the froth could have reported to the 
concentrate and floated material could have been lost. 
There was an increase in grade as the superficial air velocity decreased 
because smaller bubbles were produced at the lower air flow rates. These 
smaller bubbles promoted more efficient flotation and less entrainment. 
These smaller bubbles were also more stable and less likely to coalesce, 
which resulted in less mixing in the froth. 
For the pyrite-quartz system without wash water the highest grades were 
produced at a frother concentration of 75 ppm. At the lower frother 
concentration (50 ppm) there was more bubble coalescence, and hence. 
more froth mixing. This was borne out by the high grades seen at the 
bottom of the froth (segment 4). At the higher frother concentration, the 
bubbles packed tightly together and elutriation of entrained gangue material 
was more difficult. For the systems with wash water, the highest grades 
were achieved at the highest frother concentration because the wash water 
helped to prevent the entrapment of entrained material in the froth. It can, 
however, again be seen that the highest grade occurred at the bottom of 
the froth for the pyrite-quartz system with the lowest frother concentration. 
This was again probably due to increased mixing in the froth. 
The trends in the grade profiles seen as the height of the froth increased 
are expected. There was a significant increase in grade as height in the 
froth increases for the 120 mm froth height because the whole froth was 
sampled. The grade profiles 1or the other two froth heights were much 
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flatter because only the top zone of the froth was sampled. For the 
pyrite-quartz systems it can be seen that there was a slight decrease in 
grade at the top of the froth as the froth height increased. This was probably 
due to the loss of fine pyrite from this region. 
3.4.3.vii EFFECT OF FLOTATION PARAMETERS ON RECOVERY 
The effects of pulp density, superficial air rate, frother concentration and 
froth height on the recovery of pyrite for the three systems are shown in 
Figure 3.30. The sulphur grade and the mass pull for the top segment are 
shown in Figures 3.29 and 3.25 respectively. Since the recovery is 
proportional to the product of the mass pull and the grade, the trends seen 
in the recovery were expected. 
As the pulp density increased the degree of mixing in the froth decreased 
and hence the recovery increased. The smaller bubbles produced at the 
lower air rates again led to a less mixed froth and hence better recoveries. 
This trend was not very marked because as the air rate increased the 
bubble surface area available for flotation also increases and hence more 
particles should have been floated. 
The sharp decrease in recovery for the system with no wash water at the 
low and high frother concentrations was due to increased froth mixing on 
the one hand, and decreased froth residence time on the other. When 
wash water was added the best recoveries were seen at the highest frother 
concentrations. This was because the degree of mixing in the froth 
decreased as the frother concentration increased due to less bubble 
coalescence. This effect was clearly seen in the froth residence time 
distribution studies (section 3.4.4). 
As the froth height increased, the recovery decreased. This was due to 
the loss of floated particles from the froth as froth drainage and bubble 
coalescence increased. This effect was most noticeable in the system 
without wash water because of the increased rates of froth drainage and 
bubble coalescence. 
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3.4.4 RESIDENCE TIME DISTRIBUTION STUDIES 
3.4.4.i CHOICE OF MODEL 
Several compartment models would be suitable for use in the modelling 
of the froth phase, such as a plug flow reactor with several sequential feed 
points, or plug flow reactors in parallel with different individual residence 
times, or a tanks-in-series model with recycle. A plug flow reactor with a 
recycle stream (Figure 3.31) was ultimately chosen to model the froth for 
two reasons: Firstly, any flow regime between plug flow (zero recycle) and 
mixed flow (infinite recycle) could be represented using this model, and, 
secondly, as will be shown, the model parameters ('ti and r) have some 
physical significance. The reasons for the inclusion of the lag and step 
change in the model are discussed in section 2.4.2.i. 
rQ 
X(t) 
•ry PLUG FLOW Y(t) 
LAG ~ STEP -~ 
Q (1+r)Q- (VOLUME • V) ~ ~ Q (1+r)Q Q Q 
rQ 
x<s> I ' ExP[-sii] v<s> 
- EXP(-Ls) - ..... A/s -~ ~ 1+r ~ ~ Q Q (1+r)Q (1+r)Q Q Q 
FIGURE 3.31 Froth Model 
3.4.4.ii CALCULATION OF MODEL PARAMETERS 
Two methods of modelling the data are possible: The method of moments 
and the frequency response method (Wen and Fan 1962). The frequency 
response method, although more complex, was chosen because it gives 
.• 
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equal weight to all portions of the curve and deals effectively with long tails. 
Details of the model derivation are given in Appendix 3. 
The methods of calculating 't, cr2 and N were the same as in section 
2.4.2.i. The D/uL value was calculated using an open inlet - open outlet 
. system (Levenspiel, 1972): 
cr21-c2 = 2(0/uL) + 8(0/uL)2 
The input signal for the froth zone was taken to be the signal measured 
at detector 3 at the bottom of the froth. It would have been totally 
inappropriate to use the column feed inlet signal because most of the material 
entering in the feed travels down into the pulp zone before flotation occurs. 
In order to use detector 3 as the proper inlet signal for the froth two 
assumptions had to be made: Firstly, all the isotopically labelled particles 
that floated must remain in the froth. The high pyrite recoveries that were 
obtained support this first assumption. And secondly, that a constant fraction 
of the material entering the froth was entrained. If the second assumption 
is true, then only the magnitude of the signal from detector 3, but not the 
shape of the curve, would be affected by the entrainment (Figure 3.32). 
The effects of entrainment would then be negated when the response curves 
were normalized. 
OVERALL 
E(t) 
ENTRAINMENT 
TIME 
FIGURE 3.32 : Effect of Entrainment on Output Signals 
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3.4.4.iii REPRODUCIBILITY 
Five runs were done at the standard conditions (run 3) to determine the 
reproducibility of the tracer studies. In all cases the mean absolute deviation 
between the experimental response curves and the mean response curve 
for all the runs was less than 9%. 
TABLE 3.13 : Reproducibility Tests 
TEST DETECTOR 1 DETECTOR 2 
NO. t MAD VAR MAD t MAD VAR MAD 
(sec} (%} (%) (sec) (%) (%} 
1 139 6.7 0.431 6.1 125 6.8 0.469 5.8 
2 137 5.3 0.440 4.1 125 6.8 0.475 4.6 
3 120 7.6 0.489 6.5 107 8.5 0.512 2.8 
4 119 8.5 0.498 8.5 108 7.7 0.520 4.4 
5 135 3.8 0.437 4.8 120 2.6 0.514 3.2 
AVE 130 6.6 0.459 6.0 117 6.5 0.498 4.2 
T =MEAN RESIDENCE TIME MAD= MEAN ABSOLUTE DEVIATION VAR= VARIANCE 
3.4.4.iv MODEL DISCRIMINATION 
Figures 3.33 and 3.34 show the age distribution curves [E(t)] for the froth 
for detectors 1 and 2 respectively for run 6 (Table 2.1 ). Also shown are 
the E(t) curves predicted by the plug flow recycle model, the tanks-in-series 
model and axial dispersion model. It was found that the mean absolute 
deviations from actual behaviour of the froth phase and the recycle model 
were less than 8% in all cases. From Figures 3.33 and 3.34 it can be 
seen that neither the tanks-in-series model nor the axial dispersion model 
could provide an acceptable fit for the froth phase and it was, thus, necessary 
to use a two parameter compartment model such as the one chosen. 
An analysis was carried out to assess the sensitivity of the froth model 
to each of the model parameters and to ascertain the degree of inter-
dependence of the model parameters (Box and Draper, 1987). One of the 
model parameters is plotted against the other showing error contours. The 
results of this analysis are shown in Figure 3.35 for run 6. The relative 
scales on the axes are related to the sensitivity of the model to each model 
parameter. This sensitivity is calculated by increasing and decreasing each 
model parameter in turn by a fixed amount (say 10%) from the optimum 
'--------------------------~-~~··-~--=--~--~· ~~~~-~- . -··--·----·-· 
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I 
value and noting the increase in the error. The ratio of the increase in 
error is then the ratio of the lengths of the axes, i.e.: 
y error(y) x 
yopt Eopt Xopt 
0.9·yopt Ey1 0.9·Xopt 
1.1·yopt Ey2 1.1 ·Xopt 
.1.{Ey) = Ey1 + Ey2 - 2· Eopt 
.1.{Ex) = Ex1 + Ex2 - 2· Eopt 
.1.{Ey) = Length of y axis (cm) 
.1.{Ex) Length of x axis (cm) 
error(x) 
Eopt 
Ex1 
Ex2 
The relative lengths of the axes are important as they affect the shape of 
the error contours. If the axes are chosen incorrectly then the error contours 
will be flattened in either the x or the y direction. In the extreme this would 
lead to the as$umption that the model was independent of one of the 
parameters. 
5 
0 
~ 4 
a: 
2 
0 
~--ERROR = 15.0 % 
.---ERROR = 12.0 % 
ERROR= 8 8 % 
(BEST FIT) 
5 10 15 20 25 
REACTOR RESIDENCE TIME 
FIGURE 3.35 Froth Model Error Analysis 
30 
Chapter3 Froth Zone Effects Page 157 
The shape of the cont9urs is indicative of the relationship between the 
parameters. If the two parameters were completely independent then the 
contours would be circular and if one parameter was directly proportional 
to the other, then 45 degree lines would result. Horizontal or vertical lines 
are obtained if the model is independent of one of the parameters. 
Figure 3.35 clearly shows that the reactor residence time was essentially 
inversely proportional to the recycle ratio. This relationship was expected 
because an increase in the reactor recycle ratio would cause an increase 
in the volumetric flow rate through the reactor and thus a decrease in the 
reactor residence time. The unsymmetrical shape of the contours, however, 
indicates that there is a large degree of independence between the 
parameters, because if the parameters were dependent on each other, 
parallel contours would result. Figure 3.36 shows a plot of reactor residence 
time against recycle ratio for detector 1. The best fit for the data using a 
reciprocal equation is shown; the correlation coefficient was only 0.6. 
3.5 
• 
3.0 • 
0 
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a: 
w 
_J 
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w • 
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REACTOR RESIDENCE TIME (seconds) 
FIGURE 3.36 Reactor Residence Time vs Recycle Ratio 
The froth phase model parameters as well as the best fits for the tanks-in-
series and the axial dispersion models are given in Table 3.14. The flotation 
parameters that were varied are shown in Table 2.1. 
-------------------------~~-~---~---~-~--=------ -- -----·- ... ---
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TABLE 3.14 Froth Phase Model Data 
RUN PARAMETER DETECTOR 1 DETECTOR 2 
NO VARIED t D/UL N ti r t D/UL N ti r 
(sec) (sec) (sec) (sec) 
1 109 0.153 2.01 10.2 2.06 89 0.178 1.64 6.8 1.35 
2 FEED 117 . 0.147 2.14 11.0 2.00 105 0.160 1.89 8.0 1.27 
3 RATE 130 0.145 2.18 12.0 1.94 117 0.153 2.01 9.0 1.27 
4 139 0.140 2.28 13.0 1.90 122 0.151 2.06 9.3 1.25 
5 150 0.136 2.36 13.9 1.84 129 0.147 2.13 9.9 1.24 
6 151 0.088 4.16 14.1 1.24 137 0.096 3.72 10.6 1.05 
7 WASH 144 0.113 3.01 13.4 1.55 131 0.129 2.55 9.9 1.18 
8 WATER 130 0.145 2.18 12.0 1.94 117 0.153 2.01 9.0 1.27 
9 RATE 122 0.159 1.19 11.2 2.13 102 0.225 1.17 7.9 1.50 
10 98 0.161 1.87 9.1 2.17 89 0.249 1.03 6.8 1.55 
11 40 0.222 1.19 3.7 2.99 46 0.248 1.01 3.4 1.55 
12 AIR 49 0.155 1.98 4.6 2.05 46 0.232 1.11 3.5 1.52 
13 RATE 106 0.149 2.09 9.6 2.00 75 0.182 1.58 5.8 1.37 
14 130 0.145 2.18 12.0 1.94 117 0.153 2.01 9.0 1.27 
15 202 0.139 2.27 19.0 1.91 182 0.102 3.46 13.9 1.08 
16 130 0.145 2.18 12.0 1.94 117 0.153 2.01 9.0 1.27 
17 FROTH ER 122 0.151 2.06 11.4 2.01 103 0.171 1.73 7.8 1.32 
18 CONG 118 0.157 1.95 11.0 2.10 95 0.182 1.59 7.1 1.36 
19 110 0.166 1.80 10.1 2.22 90 0.189 1.50 7.0 1.38 
20 PULP 130 0.145 2.18 12.0 1.94 117 0.153 2.01 9.0 1.27 
21 DENSITY 68 0.219 1.21 6.3 2.93 43 0.248 1.01 3.3 1.56 
22 51 0.253 0.98 4.8 3.41 36 0.280 0.84 2.8 1.65 
23 REPEATS 113 0.153 2.01 10.6 2.04 93 0.174 1.66 7.2 1.34 
24 105 0.163 1.85 9.8 2.17 93 0.248 1.03 7.4 1.55 
25 FROTH 165 0.128 2.58 15.4 1.73 148 0.139 2.31 11.3 1.22 
26 HEIGHT 148 0.136 2.36 13.8 1.84 129 0.145 2.18 9.9 1.22 
27 131 0.143 2.21 12.2 1.94 116 0.510 2.06 8.9 1.25 
t = Mean Residence Time. R = Plug Flow Recycle Ratio (from model) 
-
ti = Plug Flow Residence Time (from model) D/UL = Vessel Dispersion Number 
N = Number of Tanks in Series 
Figures 3.37 and 3.38 show the relationships between the froth phase 
model parameters and the overall mean residence time ('t) and the variance 
(a2) respectively. There is a direct correlation between the mean residence 
time in the froth (-c) determined from the response curves and the reactor 
residence time (-ci) determined from the model. It was expected that these 
two residence times would be related. A similar relationship exists between 
the variance (a2) and reactor recycle ratio (r). Again, this result was expected 
because the variance and the reactor recycle ratio are both measures of 
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the mixing that occurred in the froth phase. These relationships confirm 
that the model parameters have actual physical significance. This further 
validates the choice of model. 
It can also be seen that the values of the constants in these relationships 
varied with depth in the froth, especially the recycle ratio. The recycle ratio 
increased markedly as height in the froth increased, while there is only a 
small increase in the reactor residence time as height in the froth increased. 
This implies that the top half of the froth is better mixed ~han the bottom 
half. This increased mixing must be due either to bubble coalescence, or 
poor wash water distribution. 
3.4.4.v EFFECT OF FLOTATION PARAMETERS ON 
RESIDENCE TIME IN THE FROTH 
Figure 3.39 gives a qualitative impression of the effects of increasing the 
flotation parameters considered in this study on the reactor residence time 
(mean residence time) and the reactor recycle ratio (degree of mixing) in 
the froth. Since many of the effects are non-linear, this figure is merely 
designed to give an impression of the magnitude of the changes without 
putting any value to them. 
It can be seen that parameters which increased the mean residence time 
in the froth were always accompanied by a decrease the degree of mixing. 
Figure 3.39 shows that increasing the wash water rate, the pulp density and 
the froth height all caused significant increases in the residence time in the 
froth, while increasing the air rate caused a sharp decrease in the froth 
residence time. lncreasing·the wash water rate, and to a lesser extent the 
pulp density and the froth height caused a decrease in the degree of mixing 
in the froth. 
Increasing the feed rate caused a decrease in froth residence time because 
there were more particles to float, and hence more particles report to the 
froth and the froth rose more quickly.· The slight increase in the mixing in 
the froth is difficult to explain, but may have been due to the development 
of circulation channels within the froth. It was noticed that, under some 
conditions, the froth was tightly packed, and the wash water was not evenly 
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distributed, but tended to flow down the walls of the column in channels 
along with some of the froth. This would lead to increased froth mixing. 
There was also a tendency for the bubbles near the walls to coalesce, and 
cause the froth to flow downwards near the walls. 
FEED RATE 
WASH WATER RATE 
AIR RATE 
FROTHER CONG 
PULP DENSITY 
FROTH HEIGHT 
11111!11 REACTOR RESIDENCE 
111111 TIME 
~ RECYCLE 
fill RATIO 
RELATIVE CHANGE IN VALUE 
FIGURE 3.39 Effect of Flotation Parameters on the Residence 
Time Distributions in the Froth 
The increase in froth residence time as the wash water rate increased 
was due to the increased downward bias in the froth. Increasing the wash 
water rate increased the water hold-up in the froth and hence helped to 
prevent bubble coalescence. This in turn decreased the degree of mixing 
in the froth. 
Increasing the air flow rate increased the bubble size and decreases the 
residence time of the air in the froth because the air hold-up in the froth 
increased. This caused a decrease in solids residence time in the froth. 
There was a very slight increase in the degree of mixing in the froth as the 
air velocity increased. There were two competing effects here: the increase 
in mixing due to bubbles coalescence, and the decrease in mixing due to 
the increased bubble rise velocity. Run 11 (Table 3.14), however shows 
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that there was a big increase in the degree of mixing if the bubbles were 
too large. The air rate in run 12 was higher than in run 11 (7.08 cm·s·1 
as opposed to 5.07 cm·s-1) but the bubbles in run 11 were significantly 
larger because a different type of sparger was used. This effect was caused 
by the increase in the rate of bubble coalescence, without a corresponding 
decrease in air residence time. 
Increasing the frother concentration had little effect on either the froth 
residence time or the .recycle ratio. This is because incre~sing the frother 
concentration had little effect on the bubble size and, in the presence of 
wash water, the higher frother concentration should have had little effect on 
the rate of bubble coalescence. 
As the pulp density increased the degree of mixing in the froth decreased. 
This was because there were more particles in the froth, and hence it was 
more stable. This increased froth stability resulted in a longer froth ·residence 
time because particles were not circulated from t~e bottom to the top of the 
froth due to macro-mixing. 
It is not surprising that the froth residence time increased as the froth 
height increased because the froth volume increased. It was found that the 
superficial rise velocity of the solids in the froth was roughly constant. The 
decrease in the froth mixing was probably because the height to diameter 
ratio of the· froth had increased and hence the flow regime was closer to 
plug flow. 
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3.5 SUMMARY 
3.5.1 FROTH STABILITY TESTS 
These tests showed that the stability of the froth· was a function of both 
the size and the hydrophobicity of the particles in the froth. Fine hydrophobic 
particles stabilized the froth by inhibiting bubble coalescence, while coarse 
particles with a low hydrophobicity could destabilize the froth by allowing 
excessive froth drainage. 
3.5.2 BATCH FROTH CUTTING TESTS 
The froth-splitting apparatus provided a rapid and simple means by which 
the effect of flotation parameters on the froth zone could be investigated, 
and allowed data to be obtair:ied on the variation, with height in the froth, 
of the following parameters: 
• the masses of solids and water; 
• the mass ratio of solids-to-water; 
• the air hold-up; 
• the grade and recovery of sulphur; 
• the particle size distribution. 
Although the small amount of concentrates collected decreased the 
precision of the results, it was found, at a 95% confidence limit, that 
experimental errors were below 6%. 
The testwork done on the pyrite-quartz ore showed that: 
• the particle size of the pyrite decreased with decreasing height in 
the froth; there was no marked trend in the particle size of the 
quartz. 
• The air hold-up in the froth increased with increasing height in the 
froth. 
• The sulphur grade decreased with decreasing height in the froth. 
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• ·the recovery of pyrite decreased with decreasing height in the 
froth, but increased again in the bottom segment as a result of 
the recycling of ultra-fine pyrite (< 1 O µm) at the bottom of the 
froth. 
• There was an optimum carbon chain length and collector dosage 
for xanthate collectors. Below this optimum there was a loss of 
recovery because the pyrite was not hydrophobic enough. Above 
this value th~ system became unselective. 
• The was an optimum frother concentration for each frother type. 
The froth became unstable at low frother concentrations and floated 
material was lost. At high frother concentrations the froth became 
too tightly packed and entrained gangue material was trapped in 
the froth. 
• Selectivity decreased as particle size decreased. The best grades 
and recoveries were achieved with a system with a range of 
particle sizes. 
• Froth stability decreased as the temperature increased. The best 
grades were achieved at high temperature, and the best recoveries 
at low temperatures. 
• An examination- of the froth as it built up showed that the coarsest 
pyrite floated first and there was little entrainment initially. The 
amount of entrainment increased as the pyrite was depleted. 
• The tightly packed froths achieved with small bubbles hindered 
the elutriation of entrained material from the froth and resulted in 
poor grades and recoveries. 
3.5.3 CONTINUOUS FROTH CUTTING TESTS 
The froth in a steady-state system has been partitioned into four horizontal 
segments so that the effects of flotation parameters could be examined as 
a function of height in the froth. Three systems were examined, viz: a 
pyrite-quartz system without wash water, a pyrite-quartz system with wash 
water, and a system using Unisel ore with wash water. The reproducibility 
of the system was found to be better than that of the batch system. 
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Four flotation parameters were examined: The pulp density, the air rate, 
the frother concentration, and the froth height, each at three different 
conditions. 
For the system with no wash water it was found that most of the trends 
were the same as those observed for the batch system. Where there were 
differences, they were due to the depletion of floatable material in the batch 
system. 
The trends seen for the pyrite-quartz system with wash water and the 
Unisel system were generally similar. The only significant differences were 
in the particle size distributions in the froth. These were caused by the 
quartz being coarser than the pyrite in the pyrite-quartz system. Thus 
entrainment of gangue increased the particle size for the pyrite-quartz 
system, and decreased it for the Unisel system. 
It was found that the addition of wash water to the froth resulted in a 
higher water hold-up in the froth. This led to better elutriation of entrained 
material from the froth, and a more stable froth due to less bubble 
coalescence. The result of this was that the mass pull decreased with the 
addition of wash water, but the grade increased, and the recovery stayed 
roughly the same. The trends from the bottom to the top of the froth were . 
more marked when no wash water was added. 
3.5.4 FROTH RESIDENCE TIME DISTRIBUTION STUDIES 
The residence time distribution of the solid phase in the froth zone of a 
column flotation cell has been modelled using an isotopically labelled tracer. 
The reproducibility of the system was better than 9% in all cases. 
A plug flow reactor with recycle was used to model the froth zone in the 
flotation column. It was found that the mean absolute deviation between 
the experimental response curve and the response curve predicted by the 
model was less than 8% in all cases. One parameter models such as the 
tanks-in-series model and the axial dispersion model were found to the 
inadequate to model the froth. 
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A sensitivity analysis showed that the parameters chosen for the model, 
viz., the reactor recycle ratio (r) and the reactor residence time ('ti) were 
largely independent of each other. Correlations were found between the 
mean residence time in the froth ('t) and the reactor residence time ('ti) and 
between the variance in the froth (0'2) anq the reactor recycle ratio (r). These 
relationships were useful in establishing initial estimates of the model 
parameters. 
The flotation parameters which had the _biggest effect o_n the residence 
time distribution of the froth were the wash water rate, the air rate, the pulp 
density and the froth height. 
3.5.5 PROCESSES OCCURRING IN THE FROTH 
The major factors which determined the stability of the froth were the rates 
of water drainage from the froth and bubble coalescence. The particle size 
of the hydrophobic material in the froth had a large influence on the stability 
of the froth. Figure 3.40 shows the effects of different particle size ranges 
on water drainage from the froth and bubble coalescence. Assume a system 
where the mass of solids in the froth zone is constant. As the particle size 
doubles, the number of particles per unit mass decreases by a factor of 8. 
This means that the finer the particle size the more particles in the froth. 
A fine floated particle may either form a bond between two bubbles, or 
protrude into the water film between the. bubbles and increase the drag in 
the water (Figure 3.40 A). In either case the rate of film drainage would 
be slowed and bubble coalescence inhibited. 
If all the particles are all large, then there ~ill be relatively few. particles 
in the froth. A particle may again bond between two bubbles and keep 
them far enough apart to prevent coalescence, but there will be relatively 
few of these bonds as there are relatively few particles. This allows water 
to drain from the films between the bubbles where there are no particles 
keeping them apart and these bubbles will coalesce (Figure 3.40 8). 
Ultra-fine particles are usually not floated due to bubble streamline _effects. 
Most of them would thus remain in the water films between the bubbles 
and effectively increase the viscosity of the water. This slows the rate of 
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water drainage from the froth and inhibits bubble coalescence. If, however, 
a particle does form a bond between two bubbles it would force the 
inter-bubble water film to thin until it ruptured and the bubbles coalesced 
(Figure 3.40 C). 
BU 8 8 LE -----61!1 
COALESCENCE 
WATER DRAINAGE 
c 
D 
BUBBLE -+----s~• 
COALESCENCE 
FIGURE 3.40 Effect of Particle Size on Froth Stability 
The optimum froth stability is achieved when a range of particle sizes is 
present in the froth. The larger particles form bonds between bubbles and 
stop the inter-bubble water films from reaching their rupture thickness, while 
the finer particles either remain bonded to just one bubble or are free in 
the water films, increasing the effective viscosity of the water. This slows 
the rate of water drainage from these films and contains the tendency for 
the bubbles to coalesce found when only large particles are present (Figure 
3.40 D). Non-floated particles also stabilize the froth as they remain in the 
water films between the bubbles and inhibit froth drainage. 
Figure 3.41 shows a schematic of the froth profiles with and without wash 
water. In the system with no wash water the froth is tightly packed with a 
high air hold-up, while the system with the wash wash water has a much 
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FIGURE 3.41 Froth Profile With and Without Wash Water 
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higher liquid hold-up. In the system with no wash water some of the larger 
. gangue particles are trapped in the froth and cannot drain with the water 
due to their size. Elutriation of entrained material is aided by the addition 
of wash water and the gangue particles are rejected at a much lower level 
in the froth. In both systems there is a crowded region at the bottom of 
the froth due to the rejection of entrained material at this level. There is a 
much higher degree of bubble coalescence when no wash water is added 
and hence there is a significant increase in bubble size from the bottom to 
the top of the froth. · 
POOR WASH 
WATER 
DISTRIBUTION 
CAUSES 
CHANNELLING 
FIGURE 3.42 : Froth Recirculation 
BUBBLE 
COALESCENCE 
. AT COLUMN 
WALLS 
Figure 3.42 offers a proposal for circulation channels that may be set up 
in the froth under some conditions. There is a velocity profile across the 
froth caused by drag forces at the walls. This results in the bubbles in the 
centre of the froth rising faster than those near the sides. Also at low 
frother concentrations, wash water rates or pulp densities the bubbles near 
.. ~· ·-·· -·-·- ··- .. --·- ---·-'··--~ .. ---·-·--.. ·------··· __ .....___··· --------·-· 
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the walls tend to coalesce as they come into contact with the walls. This 
results in a net downward flow of water in this region. This downward flow 
of water can also be caused by high wash water rates or poor wash water 
distribution which result in the wash water running down the walls of the 
column. 
Due to these channels some of the froth tends to travel up in the centre 
and back down at the walls. This results in the return of floated particles 
to the base of , the froth and the short circuiting of gangue material from 
the bottom of the froth directly into the concentrate. The froth thus becomes 
more mixed and less effective as a cleaning zone. As the column diameter 
increases the height to diameter ratio of the froth zone decreases. This 
would result in the froth zone becomming more mixed. There is also more 
scope for these circulation channels to develop in larger diameter columns 
due to poor air or feed distribution. This froth zone mixing is especially 
prominent in large unbaffled columns, or columns that are incorrectly baffled 
(Moys et. al., 1991). 
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Chapter 4 
COLUMN METALLURGICAL PERFORMANCE 
4.1 INTRODUCTION 
The metallurgical performance of a column flotation cell is determined by 
the interaction of the pulp and froth zones. The major difference between 
a column flotation cell and a bank of mechanical flotation cells is the column 
has only one pulp-froth interface, whereas the bank of mechanical cells 
consists of a number of transfer units in series, each with its own pulp-froth 
interface. Thus in a bank of mechanical cells there is a grade profile across 
the bank of cells, and little change in grade in each cell's pulp zone due 
to the well mixed conditions. In a column cell the grade profile is from the 
bottom to the top of the pulp zone. 
The design methodology for mechanical cells is not well defined with all 
of the cell supplier having their own concepts of which are the most important 
parameters in cell design, for example cell, rotor and stator geometry, power 
input, aeration type, etc. The design of columns has been quantified to a 
far greater extent, with all of the column suppliers using roughly the same 
design techniques. The higher degree of precision in column design allows 
studies of the effects of column variables on the metallurgical performance 
of the column to be applied more universally. 
This chapter examines the effects of the following flotation parameters on 
the metallurgical performance of a laboratory column flotation cell: 
• the feed rate, 
• the wash water rate, 
• the air rate, 
• the froth er concentration, 
• the pulp density, 
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• the froth height, 
• the mean residence time in both the pulp and froth zones, and 
• the degree of mixing in the pulp and froth zones. 
This chapter consists of a brief discussion of the literature on column 
performance, followed by the experimental methods. The results are 
discussed and a summary concludes the chapter. 
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4.2 THEORY 
Finch and Dobby (1990) discuss the interactions of the pulp and froth 
zones and compare the recoveries achieved in mechanical cells with those 
achieved in columns. The schematic diagram shown in Figure 4.1 highlights 
the differences in the interactions between the pulp and froth zones for the 
two systems. 
R' 
1 
FIGURE 4.1 
CLEANING 
ZONE 
Re 
COLLECTION 
ZONE 
1- Re 
R'(1-R') 
(1-R') 
R'(1-R')2 
2 3 (1-R') (1-R') 
2 3 
COLUMN CELL 
R'(1-R')N-1 
N 
BANK OF MECHANICAL CELLS 
Comparison Between the Interaction of the Pulp 
and Froth Zones of a Bank of Mechanical Cells 
and a Column Cell (After Finch and Dobby, 1990) 
For the column cell the recovery is given by (Falutsu and Dobby, 1989): 
R = RtRc 
RtRc + 1 - Re 
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and for a bank of mechanical cells (Harris, 1976): 
R = 1 - (1 - R')N 
Some of the floated particles are always lost from the froth due to bubble 
coalescence. Finch and Dobby (1990) point out that the key difference 
between the two systems is the retention time of these particles which drop 
back out of the froth. In a column these particles have 100 percent of their 
original residence time, while in the bank of mechanical cells their average 
residence time is less than the original residence time. Thus the particles 
that are lost from the froth have more opportunity to be refloated in a column 
than in a bank of mechanical cells with the same overall residence time. 
Initially it was assumed that the grade in the column was determined by 
the froth zone and the recovery by the dynamics occurring in the pulp zone 
(Dobby and Finch, 1986b assumed that the froth zone recovery was 100 
percent). Ynchausti et al. (1988) showed that most of the upgrading in 
columns occurred at the pulp-froth interface because entrained material was 
dropped due to the deceleration of the bubbles and the downward bias. 
This suggests that the major functions of the froth are to provide a stable 
medium for the transport of the floated material into the concentrate and to 
ensure even distribution of the wash water. The equation above for the 
column recovery shows that the overall recovery is the product of the 
individual recoveries of the froth and pulp zones. Falutsu and Dobby (1989) 
found froth recoveries were always less than 60 percent. 
A detailed discussion of the major column flotation parameters can be 
found in Section 1 .2.1. Table 4.1 gives a summary of some of the column 
performance data found in the literature. The effects of an increase in the 
flotation parameter on the grade, recovery and concentrate mass pull are 
shown in this table. 
It can be seen that an increase in concentrate grade is invariably 
accompanied by a decrease in recovery. Increasing the following parameters 
leads to an increase in grade and a decrease in recovery: 
• the wash water rate and 
• the froth height. 
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A decrease in grade and an increase in recovery are caused by an increase 
in the following parameters: 
• the air rate and 
• the frother concentration. 
As the particle size, feed rate and the pulp density increase an optimum in 
the recovery curve is observed. It can also be seen that increasing the 
mean residence time in the system leads to an increase in both the grade 
and the recovery. 
TABLE 4.1 Effect of Flotation Parameters on Column Performance 
Parameter Grade Recovery Mass Pull Mineral Reference 
Air Rate . + + Coal Nicol et al., 1988 
. + Coal Luttrell et al., 1988 
opt nc Coal Perekh et al., 1988 
nc opt Zinc Del Villar et. al., 1991 
. Iron Ore Sandvik et al., 1991 
Wash Water Rate + . . Coal Nicol et al., 1988 
+ . Coal Luttrell et al., 1988 
+ nc Coal Parekh et al., 1988 
. Gold Ore Ugarte and Reinoso, 1991 
+ Iron Ore Sandvik et al., 1991 
Residence Time + + Gold Ore Subramanian et al., 1988 
+ nc Coal Parekh et al., 1988 
Tin Harris and Franzidis, 1989 
Froth Height . Coal Woodburn et al., 1988 
+ . Flourite Ynchausti et al., 1988b 
+ nc Coal Perekh et al., 1988 
+ Iron Ore Sandvik et al., 1991 
Feed Rate . + Coal Luttrell et al., 1988 
opt Zinc Del Villar et. al., 1991 
Column Height + Coal Perekh et al., 1988 
Particle Size opt Tin Harris and Franzidis, 1989 
opt Base Metal Espinosa-Gomez and Johnson, 1991 
. opt Chalcopyrite Yianatos and Bergh, 1991 
Frother Cone. . + Coal Olivera and Peres, 1991 
+ Gold Ore Ugarte and Reinoso, 1991 
. Iron Ore Sandvik et al., 1991 
Pulp Density . opt Coal Olivera and Peres, 1991 
+ . Chromite Guney et al., 1991 
+ = increase - = decrease opt= optimum nc = no change 
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4.3 EXPERIMENTAL METHODS 
A schematic diagram of the flotation column used in these tests is shown 
in Figure 4.2. The column is described in section 2.3.2. The ore and water 
were mixed in a 50 litre conditioning tank together with the collector and 
frother. The wash water used in these tests was a frother solution of the 
same concentration as that of the pulp. The feed and the wash water rates 
were controlled with variable speed peristaltic pumps. The level in the 
column was controlled by varying the tailings rate using a variable speed 
peristaltic pump. 
Frotherl 
20 Litre 1 
Wash Water Peristaltic 
Tank Pump CONCENTRATE 
* 
Frother ~ 54 mm x 2.2 m 
Collector ~ Perspex Column 
1 Peristaltic Pump 
* 
50 Litre 
Feed 
Conditioning 
.!WW. Tank 
Rotameter Peristaltic Pump 
AIR *-TAILINGS 
FIGURE 4.2 : Schematic Diagram of the Column Flotation Rig 
The column was run for 20 minutes to allow steady state to be reached, 
and then samples of the concentrate and tailings were taken. These samples 
were dried and analysed for sulphur and particle size. 
.. 
I 
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4.4 RESULTS AND DISCUSSION 
Six flotation parameters were varied in this study, they were the feed rate, 
the wash water rate, the air rate, the frother concentration, the pulp density 
. and the froth height. The data from these tests are given in Table 4.3. 
4.4.1 REPRODUCIBILITY 
Five runs were done at standard conditions to determine the reproducibility 
of the tests. The results of these repeat runs are given in Table 4.2. It 
can be seen that in all cases the mean absolute deviation from the average 
value was less than 9 percent, and it was considerably better (les? than 5 
percent) if the results of the tracer studies are not considered. 
TABLE 4.2 : Reproducibility Tests 
Test No. 1 
Cone. 
Tails 
Feed 
1 (sec) 139 
MAD(%) 6.7 
N 2.32 
MAD(%) 6.1 
Grade(% S) 20.0 
MAD(%) 1.0 
Mass (g/min) 11.8 
MAD(%) 4.8 
Mass Pull(%) 5.85 
MAD{%) 3.5 
Recovery(%) 66.3 
MAD(%) 2.5 
d(50) (µm) 24.6 
MAD(%) 1.6 
t (sec) 136 
MAD(%) 1.4 
N 2.34 
MAD{%) 2.8 
Grade{% S) 0.6 
MAD(%) 3.6 
Mass (g/min) 189.9 
MAD{%) 1.2 
d(50) (µm) 17.1 
MAD(%) 0.0 
Mass (g/min) 201.7 
MAD{%) 1.4 
t = Mean Residence Time 
MAD = Mean Absolute Deviation 
2 .. 
137 
5.3 
2.27 
4.1 
19.0 
4.3 
12.6 
1.6 
6.19 
2.2 
70.9 
4.3 
25.8 
3.2 
131 
5.1 
2.20 
9.4 
0.6 
2.1 
191.0 
0.6 
17.0 
0.6 
203.6 
6.5 
3 4 5 
120 119 135 
7.6 6.8 5.8 
2.05 2.01 2.29 
6.5 8.5 4.8 
.19.6 19.9 20.5 
1.0 0.4 3.5 
12.1 12.8 12.7 
2.4 3.2 2.4 
5.91 6.21 6.14 
2.5 2.5 1.3 
68.5 67.2 67.1 
0.7 1.2 1.3 
24.7 25.1 24.8 
1.2 0.4 0.8 
143 145 135 
3.6 5.1 2.2 
2.63 2.52 2.40 
8.4 4.6 0.4 
0.6 0;6 0.6 
0.6 0.1 2.6 
192.6 193.3 194.1 
0.2 0.6 1.0 
17.1 17.0 17.1 
0.0 0.6 0.0 
204.7 206.1 206.8 
0.0 0.7 1.1 
N = Number of Tanks-in-Series 
d(SO) = 50% Passing Particle Size 
AVE 
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2.0 
12.4 
2.9 
6.06 
2.4 
68.0 
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.,... 
.,~4.4.2 EFFECT OF MEAN RESIDENCE TIME ON COLUMN 
PERFORMANCE 
Figure 4.3 shows the effects of the mean residence time in both the pulp 
and the froth zones on the concentrate grade. It can be seen that there 
is a linear correlation between the mean residence time in the froth and the 
~grade. The four spurious points were for tests where the froth was unstable, 
:.: two at high air rates (viz: 7.08 and 5.07 cm·s-1), and the other two at low 
; pulp densities (viz: 10 and 15 % solids) . The froth instability results in the 
,: froth being very well mixed and hence particles short circuiting from the 
.~ 
, bottom of the froth into the concentrate. This linear relationship indicates 
' that the froth plays a major role in the cleaning process with the amount 
of entrained material in the concentrate decreasing as the froth residence 
time increases. 
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It can be seen that there is no correlation between the mean residence 
time in the pulp zone and the grade. This would be expected because little 
upgrading occurs in the pulp zone. 
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Figures 4.4 and 4.5 show the effects of the mean residence time in the 
column on the concentrate mass pull and sulphur respectively. Figure 4.3 
indicates that the mass pull to the concentrate shows a roughly linear 
decrease as the residence time in the froth increases. This is the opposite 
trend to that seen in the grades, and is the result of entrained material 
being cleaned from the froth. Again the points not near the straight line 
were due to froth instability. 
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FIGURE 4.4 Effect of the Mean Residence Time in the Column 
on Concentrate Mass Pull 
There is, again, no correlation between the concentrate mass pull and the 
mean residence time in the pulp. This indicates that there was more than 
enough time for the flotation of particles in the pulp zone, and the loading 
of the bubbles in the pulp was at equilibrium. This is born out the recovery 
data shown in Figure 4.5. It can be seen that the recovery was virtually 
independent of the mean residence time in the pulp. It is likely that the 
recovery would have decreased if the column was shorter and there was 
insufficient time for complete particle collection to occur. 
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FIGURE 4.5 Effect of the Mean Residence Time in the Column 
on Sulphur Recovery 
Figure 4.5 shows that the recovery was unaffected for the residence time 
in the froth. The recovery is determined by the combination of the 
concentrate grade and mass pull, and since these show opposite trends 
they cancel each other out. At low froth residence times an increase in 
recovery would be expected, but this did not occur because the froth was 
well mixed (Table 4.3) and some of the floated material was dropped from 
the froth due to this mixing. 
The effect of the mean residence time in the froth on the concentrate 
particle size (Figure 4.6) is not as marked as with the grade and mass pull, 
but there is a trend for the particle size to increase as residence time in 
the froth increases. This would be expected because the degree of 
entrainment increases as the particle size decreases. Increasing the mean 
residence time in the froth would lead to more elutriation of this fine material 
from the froth and hence the particle size in the concentrate would increase. 
There is, again, no trend in the relationship between particle size in the 
concentrate with mean residence time in the pulp. 
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4.4.3 EFFECT OF MIXING ON COLUMN PERFORMANCE 
It was shown in Section 3.4.4. that the degree of mixing in the froth was 
partly dependent on the mean residence time in the froth. This is due to 
the relationship: 
Thus the number of tanks-in-series is related is related to the mean residence 
time for both the pulp and froth zones. It would therefore be expected that 
the trends seen as the mean residence time changed with the grade, the 
concentrate mass pull, the sulphur recovery, and the particle size would be 
repeated with the number of tanks-in-series (N). Figures 4. 7 to 4.10 show 
these relationships. The increased scatter of the points for the concentrate 
is because the degree of mixing is not solely a function of the mean residence 
time in the froth as shown by Figure 3.36. 
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I 
As the degree of mixing in the froth increases particles can start to short 
circuit from the bottom to the top of the froth and so the froth becomes 
less effective at cleaning. This results in a decrease in grade and an 
increase in the amount of fine entrained material reporting to the concentrate. 
These trends can be seen in Figures 4. 7 and 4.10. There was no marked 
trend for the concentrate mass pull to decrease as the degree of mixing 
(1 /N) increased (Figure 4.8) as was seen with the residence time, but the 
sulphur recovery (Figure 4.9) was, again, generally unaffected by the degree 
of mixing. 
4.4.4 EFFECT OF FLOTATION PARAMETERS ON THE 
CONCENTRATE GRADE 
Figure 4.11 shows the effects of the feed rate, the wash water rate, the 
air rate, the frother concentration, the pulp density and the froth height on 
the concentrate grade. 
As the volumetric feed rate decreases there is a decrease in the mass 
feed rate of the solids and the liquid, while a decrease in the pulp density 
results only in a decrease in the mass feed rate of solids, but not the liquid. 
From Figure 4.11 it can be seen that" increasing the feed rate· decreases 
~he grade, but changing the pulp density has little effect on the grade. The 
major difference between these two parameters is that changing the feed 
rate changes the nominal residence time in the column, while changing the 
pulp density does not. This indicates that decreasing the residence time in 
the column decreases the grade. This is in conflict with the data shown in 
Figure 4.3, which indicates that there is no correlation between the grade 
and the mean residence time in the pulp. It must, however be remembered 
that the points for the low pulp densities do not lie on the straight line in 
_ Figure 4.3 because the froth was unstable and this would have led to a 
decrease in grade at the lower pulp densities. 
As the mass feed rate of solids increases the probablity of floating the 
high grade, slow floating, fine particles decreases and this would lead to a 
decrease in grade. Also as the feed rate increases the residence time in 
the froth decreases and the degree of mixing increases. This also leads 
to a reduction in grade. 
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The trend for the grade to increase as the wash water rate increases is 
expected and is the result of better cleaning in the froth zone and less froth 
mixing. The increase in grade as the frother concentration increases can 
also be attributed to less mixing in the froth. As the frother concentration 
increases bubble coalescence in the froth is inhibited and so the froth is 
more stable. 
As the air rate increases there is a sharp decrease in the grade due to 
the larger bubbles and the wider range of bubble sizes th~t are produced. 
Large bubbles rise faster than small bubbles promoting entrainment rather 
than flotation. Large bubbles coalesce more readily in the froth than small 
bubbles and this together with the wider range of bubble sizes leads to an 
increase in froth mixing. This allows more of the entrained material to report 
to the concentrate. 
The increase in grade as the froth height increases is a direct result of 
an increase in the mean residence time in the froth. This allows more 
efficient cleaning in the froth. 
4.4.5 EFFECT OF FLOTATION PARAMETERS ON THE 
CONCENTRATE MASS PULL 
Figure 4.12 shows the effects of the feed rate, the wash water rate, the 
air rate, the frother concentration, the pulp density and the froth height on 
the concentrate mass pull. Again the opposite trends are seen to the grade 
curves shown in Figure 4.11 (except for the frother concentration curve). 
This is expected because increasing the mass pull increases the amount 
of entrained material _in the froth. 
As the feed rate increased there was more material available to float, and 
hence the mass pull would be expected to increase. It can again be seen 
that there was little change in the mass pull as the pulp density increased. 
Because the froth becomes unstable at the lower pulp densities the mass 
pull is higher than expected. A relatively high percentage of the material 
at the bottom of the froth is circulated directly to the top of the froth and 
into the concentrate due to the high degree of mixing in the froth. 
Chapter4 Column Metallurgical Performance Page 188 
8 
3'--~~-L-~~..._~~-'-~~-'-~~~ 
0.6 
8 
g 
3 7 
a. 
., 
., 8 Cll 
:::!! 
~ 5 
c: 
.. g 4 
8 
3 
0 
8 
g 
3 7 
a. 
0.6 0.7 o.e 0.9 1.0 
Feed Rate (cm/s) 
2 4 6 8 
Superficial Air Rate (cm/s) 
j ar_ ________ ~---------
~ 5 
c 
<D g 4 
8 
3'--~~~~~~~~~~~~~~~ 
10 16 20 
Pulp Density ('Ii solids) 
8 
~ 
'5 7 
a. 
.. 
.. 6 
"' :::!!g 
6 !!! 
c 
<D 
~ 4 
3 
0.20 
8 
~ 
:; 7 
a. 
"' 
"' 8 
"' :::?
~ 5 
c 
.. 
0 4 c 
8 
8 
~ 
= 7 
:J 
a. 
! 6 
::2 
~ 6 
c 
Cl) g 4 
8 
0.22 0.24 Q.26 0.28 0.30 
Wash Water Rats (cm/s) 
15 20 25 
Frother Concentration (cm/s) 
3'--~~~~-1----~~~~-'-~~~~~ 
660 760 850 960 
Froth Haight (mm) 
FIGURE 4.12 · Effect of Flotation Parameters on the Concentrate 
Mass Pull 
Chapter4 Column Metallurgical Per1ormance Page 189 
The decrease in mass pull as the wash water rate increased was expected 
because the increased downward bias in the froth zone prevented much of 
the entrained material from reporting to the concentrate. Similarly by 
increasing the froth height the cleaning in the froth improved because there 
was less froth mixing. This prevented circulation channels from developing 
and particles short circuiting the froth. These circulation channels did de.velop 
as the air rate was increased because the bubble size in the pulp increased 
which led to the bubbles in the froth being less stable. The bubble size in 
the froth was obseNed to increase drastically because more bubble 
coalescence occurred. Thus the sharp increase in mass pull as the air rate 
increased was expected. 
Both the grade and the mass pull increased as the frother concentration 
increased which seem anomalous, but again the points for the low frother 
concentrations do not lie on the straight line on the grade-mean residence 
time cuNe (Figure 4.3). This means that the froth was unstable and thus 
much of the material that was floated into the froth zone was dropped back 
into the pulp before it could report to the concentrate. The low grades 
observed at the low frother concentrations were due to macro-circulation 
from the bottom to the top of the froth which drastically reduced the cleaning 
efficiency of the froth. If the froth was stable the grade would be expected 
to decrease as the frother concentration increased because the froth would 
become more tightly packed and some of the entrained material would be 
trapped in the froth. This trend was seen in the froth cutting tests (sections 
3.4.2 and 3.4.3) and is consistent with the trends reported in the literature 
(Table 4.1 ). 
4.4.6 EFFECT OF FLOTATION PARAMETERS ON THE 
SULPHUR RECOVERY 
Figure 4.13 shows the effects of the feed rate, the wash water rate, the 
air rate, the frother concentration, the pulp density and the froth height on 
the sulphur recovery. The recovery is determined by the combination of 
the concentrate grade and the mass pull, and so the trends observed were 
expected. 
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The curves for the feed rate, the wash water rate and the air rate all 
show optimum values even though the curves are nearly flat. These optima 
were caused by a loss of grade due to froth mixing on one hand and a 
decrease in mass pull of entrained and slow floating fine pyrite particles on 
the other hand. 
The recovery increased dramatically as the frother concentration increased. 
This trend was also seen to a lesser extent in the pulp density-recovery 
curve. These trends .were due to the instability of the froth at the lower 
values, the effects of which have already been discussed. It would naturally 
be expected that the recovery would increase anyway as these two 
parameters increased due to more material being available for flotation as . 
the pulp density increased, and the entrapment of entrained pyrite in the 
froth as the frother concentration increased. 
There was no dramatic change in .the degree of froth mixing as the froth 
height changed which resulted in the decrease i_n mass pull being greater 
than the increase in concentrate grade. Thus the sulphur recovery decreased 
as the froth height increased. This trend was also generally found in the 
literature (Table 4.1 ). 
4.4.7 EFFECT OF FLOTATION PARAMETERS ON THE 
PARTICLE SIZE IN THE CONCENTRATE 
Figure 4.14 shows the effects of the feed rate, the wash water rate, the 
air rate, the frother concentration, the pulp density and the froth height on 
the mean particle size in the concentrate. The particle size is a good 
indicator of the relative extents of flotation and entrainment. The finer the 
particle size the more entrainment. 
All of the trends seen in Figure 4.14 except the froth height trend can be 
explained in terms of the amount of entrained material in the concentrate 
and the degree of mixing in the froth. 
The froth height trend is anomalous because the residence time in the 
froth increases and the degree of mixing decreases as the froth height 
increases. Thus the concentrate particle size should increase as the froth 
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height increases. It is possible that the wash water was not as well distributed 
in the deeper froths and some of the fine entrained or slow floating material 
was trapped in the froth, although this should have been reflected in lower 
grades which were not observed. 
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4.5 SUMMARY 
A qualitative summary of the effects of the flotation parameters studied 
on the metallurgical performance of the column is given in Table 4.4. It 
can be seen that the parameters which caused an increase in mean residence 
time resulted in less mixing. Parameters which resulted in lower concentrate 
grades generally resulted in a smaller mean particle size in the concentrate 
and a higher mass pull to the concentrate. For the systems where the froth 
was relatively stable the recovery tended to have an optimum value 
determined by the interaction of the grade and the mass pull. Where the 
froth was unstable recovery was lost. 
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Chapter 5 
CONCLUSIONS 
A system has been developed to measure the sizes of bubbles in both 
two- and three phase systems in flotation cells. Bubbles are drawn up a 
capillary tube past two optical detectors and the signals are logged by a 
micro-processor system. The system can size up to 4000 bubbles in each 
test at a rate of 50 bubbles per second. The reproducibility of the results 
was excellent with the large number of bubbles sized providing good statistical 
confidence in the distributions obtained. 
The bubble size generated in flotation columns is primarily a function of 
the type of sparger used, the viscosity of the pulp and the surface tension 
of the system. The size of the bubbles formed is determined by the rate 
at which a pocket of air can be surrounded by a film of slurry. The rate 
at which this film forms is in turn determined by the viscosity. The stability 
of the film around the bubble is a function of the surface tension of the 
system. The bubble generation system determines the volume and speed 
of air at each bubble formation site. Shock waves are generated as the 
air leaves some spargers systems which results in smaller bubbles. 
An increase in bubble size was caused by the following parameters: 
• an increase in air rate; 
• an increase in particle size; 
- • an increase in viscosity; 
• a decrease in temperature; 
• an increase in pulp density; 
• a decrease in frother concentration; 
• an increase in pH; and 
• a decrease in ionic strength. 
J 
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All of these trends can be explained in terms of either the rate of formation 
of films around the bubbles, or the air-slurry surface tension. It was also 
found that the type of ore used and the presence of ultra-fine metal-xanthate 
precipitates affected the bubble size. The surface charge on the mineral 
and the metal-xanthate precipitates may have an effect on the viscosity and 
surface tension of the system. 
Liquid and solid residence time distribution studies were carried out in a 
laboratory column flotation cell with a gold ore using isotopically labelled 
tracers for the solids and a salt solution for the liquid. The reproducibility 
was good. 
There was a significant difference between the residence time distributions 
of the solid and the liquid phases in the pulp with the solids being more 
mixed than the liquid. This was because there is far more solid-bubble 
interaction than liquid-bubble interaction. The solids also have a greater 
settling rate than the liquid. Correlations predicting the solid phase behaviour 
from liquid phase data should therefore be avoided. An examination of the 
liquid phase residence time distributions showed that there was little difference 
between the two- and three-phase systems. 
A tanks-in-series model was found to provide a ,good fit for both the solid 
and liquid phases in the pulp zone with the mean absolute deviation between 
the experimental data and the model always less than 5%. 
The axial dispersion model and the tanks-in-series model were found to 
provide a similar fit for the residences time distributions of the solids in the 
pulp. The axial dispersion model was not used because some of the D/ul 
values found in this study were too large for the assumptions made in the 
model to be valid. The D/ul value would also increase as the column 
height-to-diameter ratio increases. This makes the axial dispersion model 
unsuitable for larger columns and could lead to errors in scale-up. 
A perfect plug flow reactor with a recycle stream was used to model the 
residence time distribution of the solids in the froth zone of a laboratory 
flotation column. It was found that the mean absolute deviation between 
the experimental response curve and the curve predicted by the model was 
less than 8% in all cases. It was found that several two parameter 
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compartment models could have be used, but single parameter models such 
as the tanks-in-series model were found to be inadequate to model the 
froth. The liquid tracer studies showed that very little of the feed water 
reported to the concentrate and therefore the water in the froth must have 
come from the wash water. 
A sensitivity analysis in which the model parameters were plotted against 
each other showed that the parameters chosen for the model, viz: the reactor 
residence time and recycle ratio were largely independent of each other. 
There were correlations between the mean residence time in the froth and 
the reactor residence time and between the degree of mixing in the froth 
and the reactor recycle ratio. These relationships were expected and 
validated the model choice because they showed that the model parameters 
were physically significant. These relationships were also useful in obtaining 
initial estimates of the model parameters. 
A study of the effects of some flotation parameters on the metallurgical 
performance of the column showed that: 
• The pulp density had the largest effect on the mean residence 
time in the pulp zone because the mass of solids in the column 
decreased as the pulp density decreased. 
• The air rate had the largest effect on the mean residence time in 
the froth zone. As the air rate decreased the bubble size in both 
the pulp and froth zones decreased and the residence time in the 
froth increased because there was less short circuiting of material 
into the concentrate. 
• The volumetric feed rate had the largest effect on the degree of 
mixing in the pulp zone As the feed rate increased the mean 
residence time in the pulp decreased and the amount of solids in 
the pulp increased. This led to more interaction between the 
particles and the bubbles, and hence more mixing. 
• The wash water rate had the largest effect on the degree of mixing 
in the froth zone. Increasing the wash water rate decreased the 
amount of bubble coalescence in the froth and hence the froth 
became less mixed. 
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• The concentrate grade was most affected by the air rate. As the 
air rate increased, the bubble size increased and so did the amount 
of entrainment. 
• The recovery was determined by the combination of the mass pull 
and the grade in the concentrate, and tended to have an optimum 
value caused by the loss of floatable material due to bubble 
coalescence on one hand and froth cleaning on the other. At low 
frother concentrations and pulp densities the froth was observed 
to be unstable and hence floatable material was lost causing a 
decrease in recovery. 
• The volumetric feed rate had the largest affect on the concentrate 
mass pull because the amount of floatable material in the pulp 
increased as the feed rate increased. This trend was also observed 
as the pulp density increased. 
• The particle size in the concentrate was most affected by the wash 
water rate. The smaller particles tend to be entrained into the 
froth rather than floated, and so are washed from the froth at 
higher wash water rates. 
Generally it was found that the parameters which led to an increase in 
the mean residence time led to a decrease in the degree of mixing. This 
is a direct result of the fact that the variance of the residence time distribution 
curve is divided by the mean residence time to obtain the degree of mixing. 
Parameters which caused a decrease in the concentrate grade increased 
the concentrate mass pull because as the mass pull increases so does the 
amount of entrained material in the concentrate. 
The batch froth splitting apparatus provided a rapid and simple means by 
which froth profiles could be investigated. The froth was split into four 
horizontal segments by the four froth splitting rings. A synthetic pyrite-quartz 
ore was used to simplify the interpretation of the results. Data on the 
masses of solids and water, the grade, the recovery, the air hold-up and 
the particle size was obtained as a function of height in the froth as flotation 
parameters were varied. The experimental error was found to be less than 
6 percent at a 95 percent confidence limit. 
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The testwork on the pyrite-quartz ore showed that; 
• The particle size of the pyrite decreased with decreasing height 
in the froth indicating that the coarser (> 1 O µm) pyrite floated 
first. There was a slight increase in the particle size of the quartz 
from the bottom to the top of the froth due to entrapment of the 
coarser quartz particles. 
• The air hold-up increased with increasing height in the froth due 
to froth drainage. 
• The grade decreased with decreasing height in the froth. This 
was due to both a froth cleaning action and the fact that the pyrite 
that floated first was found at the top of the froth, and as the pulp 
became depleted of pyrite more entrainment occurred. 
• The pyrite recovery decreased with decreasing height in the froth, 
but increased again in the bottom segment as a result of the 
recycling of ultra-fine pyrite (< 1 O µm) at the bottom of the froth. 
This utlra-fine pyrite tend to be entrained, and hence is rejected 
at the bottom of the froth. 
• There was an optimum carbon chain length and collector dosage 
for the xanthate collectors used in this study. Below this optimum 
there was a loss of recovery because the slow floating particles 
were not collected and above this value the froth became tightly 
packed and unselective. 
• There was an optimum frother concentration for each type of 
frother. Below this value the froth was unstable, and above this 
value the froth was too tightly packed to be selective. 
• Selectivity in the froth decreased as particle size decreased 
because the froth became tightly packed and entrained particles 
were trapped in the froth The concentrate mass pull decreased · 
as the particle size increased due to excessive froth drainage and 
bubble coalescence giving poor recoveries. Also as the particle 
size in the froth doubles, the number of particles in the froth 
decreases by a factor of 8. The best grades and recoveries were 
achieved with a range of particle sizes present because a stable, 
well drained froth was formed. 
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• Froth stability decreased as temperature increased due to a 
decrease in water viscosity as temperature increases. The best 
grades were thus achieved at high temperatures and the best 
recoveries at low temperatures. 
The continuous froth splitting apparatus worked on the same principle as 
the batch froth splitting apparatus, but it was fitted to a continuous laboratory 
column cell. This system was used to obtain froth profiles of steady-state 
froths for comparison with the batch froth splitting data. Both a synthetic 
pyrite-quartz ore and a gold ore were tested. Tests were done with and 
without wash water. The reproducibility of this system was found to be 
better than that of the batch system. 
The trends in the batch and continuous systems with no wash water were 
generally the same and differences can be ascribed to the depletion of pyrite 
in the batch system. 
It was found that the addition of wash water to the froth resulted in a 
higher water hold-up in the froth. This led to better elutriation of entrained 
material from the froth, and a more stable froth zone due to less bubble 
coalescence. The addition of wash water resulted in a decrease in 
concentrate mass pull and an increase in concentrate grade, with little change 
in recovery. The trends from the bottom to the top of the froth were more 
marked when no wash water was add~d because more froth drainage and 
bubble coalescence occurred. 
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Appendix 1 
BUBBLE SIZING SYSTEM 
This hardware can be divided into four main parts: the optical detectors, 
the detector electronics, the microprocessor system and a personal computer 
(PC). The signals are obtained as a bubble travelling up the capillary tube 
passes the detectors. These signals are amplified and squared by the 
detector electronics and are used to produce a period and a velocity pulse 
for each bubble. The function of the microprocessor system is to time and 
store these pulses in memory together with the real time of the event. At 
the end of the measurement cycle this data is transrf1itted to the PC. A 
program on the PC receives these data and stores them in a disc file. The 
data analysis is described later. 
A 1.1 OPTICS AND DETECTOR ELECTRONICS 
The optical detectors are two LED/photo-transistor pairs. Each detector 
signal is amplified and squared by the circuit shown in Figure A1 .1, and 
the shapes of these signal are shown in Figure A 1.2. The two detector 
pairs are mounted 5 mm apart in a machined brass block through which 
the capillary passes. Adjustment screws allow the capillary to be aligned 
precisely in the optical paths. Capillary tubes with bores ranging from 0.5 
to 3 mm have been successfully used to detect bubbles ranging in diameter 
from 0.5 to 8 mm. To facilitate bubble capture, the end of the capillary is 
belled out to between 1 and 1.5 times the mean bubble diameter. 
The signal voltages obtained at the phototransistor collector depend on 
the optical characteristics of the slurry or liquid being used, the LED current 
and the size of the collector resistor. A plot of collector voltage against 
slurry density is shown in Figure A 1.~. The voltages for pure water, air 
(i.e. bubble) and black (100% opaque medium) are also indicated on the 
graph. It is interesting to note that water is a better transmitter of light than 
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the bubble because of the different refractive indices of the water-glass and 
air-glass boundaries. From Figure A 1.4 it is evident that the choice of the 
correct LED current and collector resistor for the system in question is vital 
to achieve the biggest collector voltage, and hence the best signals. It can 
be seen that two-phase systems work best with a low LED current and a 
small collector resistor, while high LED currents and large collector resistors 
are best for higher slurry densities. 
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FIGURE A1.3 Collector Voltage vs Slurry Density 
When a ~ILirry (three-phase system) is used it must be determined whether 
the detectors register a higher or lower light intensity for the slurry than for 
air. For correct operation of the 'gate' circuit (Figure A 1.5) the bubble must 
result in a high going pulse at .the detector amplifier output. For this reason 
the optional inversion of the signal at this stage in the circuit is provided 
for. The detector amplifiers may be either AC or DC coupled (switch 
selectable) and are provided with both gain (1 to 10) and zero offset 
adjustments. The smaller the differential between bubble and liquid phase 
signals the higher the gain required. The zero. offset is adjusted such that 
bubble detection is indicated by the flashing of the panel indicator LEDs. 
Experience has shown that DC, rather than AC, amplifier coupling gives more 
reliable operation. This mode also allows static measurements to be made 
for the liquid and air phases. 
The primary function of the 'gate' circuit is to generate a bubble velocity 
pulse. This is done by toggling a flip-flop on, on the leading edge of the 
pulse from the first (lower) detector and off as from the leading edge of the 
pulse from the second (upper) detector. The flip-flop output pulse width 
represents the velocity of the bubble provided that the two leading edges 
mentioned were created by the same bubble travelling up the tube. In the 
case of very small (broken) bubbles or bubbles not properly detected by 
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the optics, incorrect values will be recorded. Analysis of large amounts of 
data has shown. this to occur in less than 2% of the readings, provided that 
the optics have been properly aligned. These spurious values are rejected 
by the data processing software . 
~ 
•
LED 
x 
. 
LEO 1ma 
OUT 
~ ~ PT-top 
CAPILLARY TUBE 
. . . . . . . .. . . .. . . . . . . . . . . . . . . . . . . . . . . . . ·• 
:otop 
F'ERIOO (Dl>ot) 
not used 
· (Invert for PERIOD) ~~~-1~.~~~~~~ 
:Obot 
~'----'~~~~~~-
j Velocity ! ......................... . 
DETECTOR ANO GATE TIMING 
FIGURE A1.5 : Velocity Pulse Generation Circiut 
A1.2 MPU DATA CAPTURE SYSTEM 
The single board computer, designed in-house and used for the high 
speed data capture is based on the Motorola 6809 processor. The unit 
transmits the data to a PC at the end of the measurement period. 
The program is permanently installed in the EPROM (erasable programmable 
read-only memory). Progress through the following measurement I data-
transmission sequence is indicated by the successive illumination of 6 LEDs. 
LED 1 : Ready Waiting for first bubble 
LED 2 : Sampling Data logging active 
LED 3 : Buffer Warning Buffers 3/4 full 
LED 4 : End of Measurement Buffers full (or terminated) 
LED 5 Data Transmission Data to PC 
LED 6 : End of Job Data acknowledged by the PC 
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Only two push button inputs are provided, one ,to initialize the system to 
the 'Ready' state and a second to manually terminate data collection (during 
phase 2 or 3). 
The pulse timing functions are performed by the M6840 programmable 
timer chip. This device has three independent, 16 bit timers. Timers 1 
and 2 are initialized in the 'period measurement mode', with interrupt 
generation enabled, and are used to measure the period and velocity pulse 
widths respectively. In this mode the timers are pre-load.ad to maximum 
count (216) and decremented at the system clock frequency (1.5 Mhz) during 
the low going gate pulses. At the end of the gate pulse an interrupt is 
generated and the interrupt service routine reads and stores the current 
state of that counter. This read operation automatically reloads the counter 
for the next timing operation. The 1.5 Mhz clock frequency gives a resolution 
of 65.1 µs/count. The period of the measured pulse is therefore as follows; 
Period = (216 - Count) x 65.1 µs. 
Timer 3 is initialized to 'continuous' mode counting with an external clock 
(from 150 baud clock). This results in a count rate of 3 ms and it is read 
and stored at each interrupt to establish the real time of the measuring 
events. 
The measured data is stored in 32K bytes of RAM. As each bubble requires 
8 bytes of storage (4 x 16 bit values : Period and Real time + Velocity and 
Real time), a total of about 4000 bubbles may be recorded. At a typical 
bubble rate of 20 s-1 this measurement cycle takes 200 seconds. 
In addition to the memory and timer a peripheral interface adaptor (PIA) 
is installed to drive the LED indicators and read the input push switches. 
An asynchronous communication interface adaptor (ACIA} (serial port) is 
. installed to allow communications with the PC. 
A 1.3 SOFTWARE 
The system software comprises of three sections; the EPROM resident data 
capture routines for the M6809 processor, the file. creation program which 
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accepts the data transmitted by the microprocessor unit (MPU) system, and 
data processing program which analyses the data files. All PC programs 
were written in Borland's Turbo Pascal (Version 5). This compiler produces 
fast and efficient code and has excellent graphics functions, which were 
essential for the data processing program. 
A 1.3.1 MPU SYSTEM 
The M6809 routines were written in Assembler code as it was 110 intensive 
and speed was of primary importance. This code comprises of two distinct 
sections: 
' 
• The main line initializes the hardware, executes an idling loop 
during the -data collection operation and subsequently transmits 
the contents of the data buffers to the PC via a simple send and 
acknowledge protocol. 
• The actual timer measurements are recorded by the interrupt 
service routine. The task of this routine is to poll the timer to 
determine which channel generated the interrupt, read and store 
that channel together with the real time as read from timer 3. The 
recordi.ng of the bubble period and velocity pulse lengths are 
therefore treated as completely independent events by the program. 
A1.3.2 PC DATA CAPTURE 
The data capture program receives the timing data from the MPU system 
and stores it in record files for subsequent processing. 
At start up the program verifies communications with the MPU system and 
then prompts for a data file 'core' name e.g. BUBDAT. Files are then 
sequentially created as BUBDAT1 .BUB, BUBDAT2.BUB etc. Once the program 
is thus initialized all subsequent control is effected remotely from the MPU 
system 
The buffers (period, velocity, time-period, time-velocity) are received 
sequentially and the block sizes indicated on the screen. The size of the 
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period block usually exceeds the size of the velocity block (for the reasons 
previously mentioned) by a few per cent. An abnormally large discrepancy 
is a indication of poorly aligned optics, a slurry system with unfavourable 
optical characteristics or a dilute system with large particles which are being 
detected as bubbles. 
A1.3.3 DATA PROCESSING 
The 16 bit data stored in record files by the data-capture system, are 
used by the data analysis program to create four sets of calibrated data. 
These values are stored in memory resident arrays to increase the speed 
of data manipulation, which necessitates the installation of o40K RAM in the 
PC used for data analysis. The four data arrays represent the period and 
velocity pulse_ widths (µs) and their real times (ms). 
A1.3.4 DATA-MATCHING TECHNIQUE 
The data-matching technique associates the independently measured 
bubble periods and velocities, which is essential for the calculation of bubble 
volumes. On completion of this matching procedure, spurious velocity 
measurements are rejected on the basis of a specified number of standard 
deviations from the mean velocity. The rejected values in the velocity array 
are replaced by the mean velocity value. 
As previously discussed, small or broken bubbles may result in the number 
of volume pulses exceeding the number of velocity pulses. The real time 
of each measurement is also recorded and this is used as a means of 
assigning a velocity to each period pulse recorded. The technique for doing 
this is outlined below. 
i.) The difference (N) between the number of period and the number of 
velocity pulses is determined. As mentioned previously if a good experi-
mental technique is employed this difference (N) should be reasonably small. 
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ii.) In order to find a velocity measurement which was made at the same 
real time as a specific period measurement, a search of the bubble velocity 
measurements is made in the range N as shown in Figure A 1.6. 
iii.) If a velocity pulse within 5 ms (± 1 count) of the period pulse is found 
no further comparisons are made. This was found to increase the speed of 
data processing. If no velocity pulse could be found in this range, then the 
velocity pulse which occurred closest to the time at which the period pulse 
occurred was used. 
T start T end 
· · · · · · · · · · · · · · · · · · · · · 4000 bubble maximum · · · · · · · · · · · · · · · · · · · · · · · · · 
f-r-------~·-···· ......... ····------......r 
. Bubble period 
1-i--------lr-+-................... ------H 
Real time of measurement 
..........__ ____ ___.-'"-- ................... ------~ 
:I I ===I ==I ::t>:t~: .. ~ 
: N N 
_q . E>'. :q E>: 
Search 
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FIGURE A1.6 Data Matching Technique 
A1.3.5 VOLUME CALCULATIONS 
Calibrated 
Data 
Arrays 
Processed 
Data 
Arrays 
While the bubble is in the capillary it is assumed to be cylindrical. This 
assumption is usually quite valid provided that the cylinders are significantly 
larger than the capillary bore. Thus the following calculations can be made. 
For a single bubble 
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where Ui = velocity of the bubble in mm·s·1, Ld = length between the detectors 
in mm and Ti = period of the velocity pulse in s, and 
Vi= Ui·Pi·A 
where Vi = volume of the bubble, Pi = measured bubble period and A = 
cross-sectional area of the capillary. By substituting we get: 
Vi = (Lci/Ti)Pi·A 
and by rearrangement 
where Ld·A is a constant dependent on the dimensions of the capillary and 
detectors. 
Accurate determination of A is not easy to made. However the constant 
product (Ld·A) may be calculated from the known data as follows: 
L, Vi = Lci·A x L, (Pi/Ti) 
where L, Vi = total bubble volume (burette) and Pi and Ti = data measured 
by the system for each bubble. 
The volume of each individual bubble may therefore be calculated from 
the following equation: 
Vi = (Pi/Ti) x L·dA 
The results obtained for Vi yield the volume distribution of the bubbles at 
the pressure and temperature in the capillary tube. This will also be the 
distribution at normal pressure and temperature conditions. Hence the 
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number of bubbles of a particular volume at normal conditions, i.e. the 
conditions at which the total volume is measured in the gas burette, is 
obtained. Indeed the individual bubble volumes can be obtained at any set 
of pressure/temperature conditions (e.g. the conditions at the point of capture) 
by adjusting the total gas volume using the ideal gas law. In making the 
volume calculations, no account has been taken of the head of water/slurry 
at the point of capture. This difference has been shown to be insignificantly 
small under normal operating conditions. The bubble diameters are calcu-
lated assuming the bu.bbles to be spherical. 
A1.3.6 GRAPHICAL OUTPUT 
"'Fhe large number of bubbles sampled means that the results of the above 
analysis are most conveniently presented graphically. The data is presented 
graphically in two forms. 
1.) Variable vs variable. This form allows the user to plot any of the 
following variables against any other. 
• Time 
• Velocity pulse 
• Period pulse 
• Bubble volumes 
• Bubble diameters 
These plots can be used for experimental diagnostics, or for transient 
experiments. 
2.) Frequency distributions. A frequency distribution of any of the above 
variables is possible. The most useful are bubble volume and diameter 
distributions, for which the mean and standard deviation are calculated and 
presented. 
An example of a bubble size distribution histogram is shown in Figure A1 .7. 
This was obtained using a 10% quartz slurry. Also indicated are the mean 
bubble size and the standard deviation. 
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A1.4 OPERATING PROCEDURES 
Page 233 
7 
A flowsheet of the operating procedures for the bubble sizing system is 
shown in Figure A 1.8. 
STATIC TEST TO 
DETERMINE THE 
OPTICAL DENSITY 
OF THE SLURRY 
SET THE GAIN 
AND ZERO IN A 
DYNAMIC TEST 
FLUSH ALL THE AIR 
FROM THE LINES 
TO THE SURETTE 
STOP VACUUM 
PUMP 
FLUSH ALL THE AIR 
FROM THE LINES 
TO THE SURETTE 
WHEN THE BUFFER IS 
3/4 FULL STOP AND 
TRANSMIT DATA TO PC 
READ 
SURETTE 
OPEN TAP 
AND COLLECT 
BUBBLES 
INITIALISE 
THE COMPUTER 
RESET BUFFER 
SYSTEM TO 
READY MODE 
FILL AND READ 
BUR ET TE 
START 
VACUUM 
PUMP 
FIGURE A1.8 Bulbble System Operating Procedures 
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A 1.5 OPERATING CONDITIONS 
In order to determine the operating conditions under which reliable 
measurements could be made, a series of tests was performed in which 
capillaries with three different bell inlet diameters were used under varying 
vacuums. For these experiments all other conditions were kept constant, 
thus ensuring constant bubble sizes. The results are summarized in Table 
A 1 .1 and are plotted in Figure A 1.9. Each diameter value shown represents 
the average of three separate experiments. Similarly each standard deviation 
value represents the average of three standard deviations of bubble diameter 
values. For each bell diameter the results were considered valid if the data 
point lay on the flat region of the bubble diameter vs vacuum curve shown 
in Figure A 1.9, i.e. the region in which the measured diameter is independent 
of the applied vacuum. For the 5 mm bell, which was slightly larger than 
the recommended size, there was no flat region and the results were 
considered invalid for the particular bubbles generated in this experiment. 
c E' 
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FIGURE A1.9 : Vacuum and Bell Size vs Bubble Size 
Further evidence of the validity of the data may be obtained by examining 
the size distribution histograms. The valid data have an approximately 
normal distribution whereas poor experimental conditions show a skewed 
__ ,.:.. ____ , .. __ ~·~···~ 
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distribution. Under extreme conditions two peaks may be obtained due to 
either coalescence (large bell and/or low vacuum) resulting in 'double 
bubbles', or breakage (small bell and/or high· vacuum) resulting in 'half 
bubbles'. 
The results in Table A 1.1 show that the bubble diameters obtained were 
independent of the bell size and applied vacuum over a wide range of 
conditions. 
TABLE A1.1 : Effect of Applied Vacuum and Inlet Bell 
Diameter on Mean Bubble Size 
BELL VACUUM AVERAGE DIFFERENCE AVERAGE VALID 
SIZE DIAMi=TER STD. DEV. 
(mm) (kPa) (mm) (%) (mm) (?) 
5 34 2.617 0.3 0.623 NO 
5 42 '2.533 0.4 0.613 NO 
5 50 2.490 0.5 0.617 NO 
5 58 2.400 0.8 0.743 NO 
4 26 2.617 0.5 0.613 NO 
4 34 2.437 1.1 0.657 YES 
4 42 2.470 1.7 0.660 YES 
4 50 2.493 1.1 0.630 YES 
4 58 ,;' 2.363 7.9 0.727 NO 
4, 66 2.073 20.8 0.903 NO 
3 26 2.600 0.3 0.680 NO 
3 34 2.453 0.3 0.677 YES 
3 42 2.477 0.3 0.713 YES 
3 50 2.467 0.3 0.707 YES 
3 58 2.467 0.3 0.687 YES 
VALID 
DIAMETER 
(mm} 
2.467 
2.467 
2.467 
2.466 
2.466 
2.466 
2.466 
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Appendix 2 
CONTINUOUS FROTH CUTTING TESTS - RAW DATA 
TABLE A2.1 
PULP 
DENSITY 
{%soil 
PARTICLE 20 
MASS 15 
{a) 10 
WATER 20 
MASS 15 
{g) 10 
SOLIDS/ 20 
WATER • 15 
RATIO 10 
AIR 20 
HOLD-UP 15 
{%) 10 
20 
dSO (µm) 15 
10 
GRADE 20 
(%S) 15 
10 
RECOVERY 20 
(%) 15 
10 
TABLEA2.2 
AIR 
RATE 
cm/s) 
PARTICLE 1.5 
MASS 1.2 
lc!l 0.9 
WATER 1.5 
MASS 1.2 
{g) 0.9 
SOLIDS/ 1.5 
WATER 1.2 
RATIO 0.9 
AIR 1.5 
HOLD-UP 1.2 
{%) 0.9 
1.5 
dSO (µm) 1.2 
0.9 
GRADE 1.5 
(%S) 1.2 
0.9 
RECOVERY 1.5 
(%) 1.2 
0.9 
Continuous Froth Cutting Tests. Effect of Pulp 
Density for Pyrite/Quartz Without Wash Water 
CONC TAILS SEGMENT TOTAL 
(/min) (!min) 1 2 3 4 
30.6 287.8 1.66 1.78 1.92 2.52 7.88 
22.8 216.6 1.26 1.42 1.63 2.10 6.41 
16.1 142.7 0.83 0.90 0.99 1.40 4.12 
347.5 926 19.2 21.1 23.1 27.3 90.7 
317.9 1038 17.8 20.4 23.6 26.7 88.5 
291.1 1138 16.9 19.8 22.9 26.2 85.8 
0.088 0.311 0.086 0.084 0.083 0.092 0.087 
0.072 0.209 0.071 0.070 0.069 0.079 0.072 
0.055 0.125 0.049 0.045 0.043 0.053 0.048 
77.2 74.9 72.5 67.4 73.0 
78.9 75.8 72.o 68.2 73.7 
80.1 76.6 73.0 69.0 74.7 
21.9 22.7 22.4 22.9 23.5 27.5 24.4 
22.7 22.6 23.0 25.1 25.9 27.9 25.8 
23.1 22.5 24.6 26.0 27.3 28.2 26.8 
37.6 1.9 36.2 34.2 26.3 20.6 28.3 
34.3 2.3 34.0 29.2 22.6 17.2 .24.7 
28.6 2.7 28.5 22.1 18.6 14.1 19.8 
67.8 
61.3 
54.4 
Continuous Froth Cutting Tests. Effect of Air 
Rate for Pyrite/Quartz Without Wash Water 
CONC TAILS SEGMENT TOTAL 
(/min) (!min) 1 2 3 4 
31.7 287.1 1.48 1.56 1.68 2.22 6.94 
30.6 287.8 1.66 1.78 1.92 2.52 7.88 
29.7 288.3 1.78 1.90 2.12 2.75 8.55 
329.8 946 15.8 17.2 18.9 23.6 75.5 
347.5 926 19.2 21.1 23.1 27.3 90.7 
358.1 913 21.6 24.1 27.5 30.6 103.8 
0.096 0.304 0.094 0.091 0.089 0.094 0.092 
0.088 0.311 0.086 0.084 0.083 0.092 0.087 
0.083 0.315. 0.082 0.079 0.077 0.090 0.082 
81.2 79.5 77.4 71.8 77.5 
77.2 74.9 72.5 67.4 73.0 
74.4 71.4 67.3 63.5 69.1 
21.6 22.7 22.0 22.5 23.2 26.9 24.0 
21.9 22.7 22.4 22.9 23.5 27.5 24.4 
22.3 22.6 22.5 23.1 23.6 27.8 24.6 
32.7 2.3 31.6 28.8 22.6 17.2 24.2 
37.6 1.9 36.2 34.2 26.3 20.6 28.4 
40.8 1.7 39.8 36.9 30.1 21.6 30.9 
61.0 
67.8 
71.5 
Appendix 2 
TABLE A2.3 
FROTH ER 
CONC 
loom} 
PARTICLE 100 
MASS 75 
la\ 50 
WATER 100 
MASS 75 
(g) 50 
SOLIDS/ 100 
WATER 75 
RATIO 50 
AIR 100 
HOLD-UP 75 
(%) 50 
100 
d50(µm) 75 
50 
GRADE 100 
(%S) 75 
50 
RECOVERY 100 
(%) 75 
50 
TABLE A2.4 
FROTH 
HEIGHT 
(mm) 
PARTICLE 360 
MASS 240 
lal 120 
WATER 360 
MASS 240 
lal 120 
SOLIDS/ 360 
WATER 240 
RATIO 120 
AIR 360 
HOLD-UP 240 
(%) 120 
360 
d50 (µm) 240 
120 
GRADE 360 
(%S) 240 
120 
RECOVERY 360 
(%) 240 
120 
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Continuous Froth Cutting Tests. Effect of Frother 
Concentration for Pyrite/Quartz Without Wash Water. 
CONC TAILS SEGMENT TOTAL 
(!min) (!min) 1 2 3 4 
30.6 287.8 1.66 1.78 1.92 2.52 7.88 
29.3 289.4 1.80 1.95 2.09 2.55 8.39 
24.2 293.9 1.01 1.26 1.48 2.67 6.42 
347.5 926 19.2 21.1 23.1 27.3 90.7 
245.7 1029 15.7 18.4 20.9 21.8 76.8 
18Q.7 1092 8.3 11.5 14.7 21.4 55.9 
0.088 0.311 0.086 0.084 0.083 0.092 0.087 
0.119 0.281 0.115 0.106 0.100 0.117 0.109 
0.134 0.269 0.122 0.110 0.101 0.125 0.115 
77.2 74.9 72.5 67.4 73.0 
81.2 78.0 75.1 73.8 77.0 
90.0 86.2 82.4 74.3 83.2 
21.9 22.7 22.4 22.9 23.5 27.5 24.4 
19.9 22.9 21.3 22.7 23.5 27.2 24.0 
18.2 23.0 20.1 22.6 23.4 26.9 24.2 
37.6 1.9 36.2 34.2 26.3 20.6 28.4 
43.6 1.5 42.9 38.7 32.1 23.8 33.5 
35.1 2.9 34.6 33.1 30.2 26.7 30.0 
67.8 
75.2 
50.1 
Continuous Froth Cutting Tests.· Effect of Froth 
Height for Pyrite/Quartz Without Wash Water 
CONC TAILS SEGMENT TOTAL 
(!min) (!min) 1 2 3 4 
15.4 302.1 0.63 o.n 0.87 0.95 3.22 
20.3 298.3 0.89 0.93 0.98 1.06 3.86 
30.6 287.8 1.66 1.78 1.92 2.52 7.88 
217.8 1052 8.9 10.7 11.9 12.6 44.1 
253.1 1021 11.0 11.2 11.8 27.3 46.6 
347.5 926 19.2 21.1 23.1 27.1 90.7 
0.071 0.287 0.071 0.072 0.073 O.o75 0.073 
0.080 0.292 0.081 0.083 0.083 0.084 0.083 
0.088 0.311 0.086 0.084 0.083 0.092 0.087 
89.4 87.3 85.9 85.0 86.9 
86.9 86.7 86.0 67.9 81.9 
77.2 74.9 72.5 67.3 73.0 
23.6 22.5 23.8 24.1 24.3 24.5 24.2 
23.0 22.6 23.3 23.6 24.0 24.1 23.8 
21.9 22.4 22.4 22.9 23.5 27.5 24.4 
34.5 2.0 34.3 33.2 31.9 31.1 32.4 
35.3 2.2 35.2 33.7 32.3 31.2 33.0 
37.6 2.4 36.2 34.2 26.3 20.6 28.4 
31.4 
42.2 
67.8 
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TABLE A2.5 
PULP 
Continuous Froth Cutting Tests - Raw Data 
· Continuous Froth Cutting Tests. Effect of Pulp 
Density for Pyrite/Quartz With Wash Water 
CONC TAILS SEGMENT TOTAL 
DENSITY 
(%sol) 
PARTICLE 20 
MASS 15 
la) 10 
WATER 20 
MASS 15 
(g) 10 
SOLIDS/ 20 
WATER 15 
RATIO 10 
AIR 20 
HOLD-UP 15 
(%) 10 
20 
d50 (µm) 15 
10 
GRADE 20 
(%S) 15 
10 
RECOVERY 20 
(%) 15 
10. 
TABLE A2.6 
AIR 
RATE 
(emfs) 
PARTICLE 1.5 
MASS 1.2 
(a\ 0.9 
WATER 1.5 
MASS 1.2 
Cal 0.9 
SOLIDS/ 1.5 
WATER 1.2 
RATIO 0.9 
AIR 1.5 
HOLD-UP 1.2 
(%) 0.9 
1.5 
d50 (µm) 1.2 
0.9 
GRADE 1.5 
(% S) 1.2 
0.9 
RECOVERY 1.5 
(%) 1.2 
0.9 
(lminJ (lminJ 1 2 3 4 
27.1 291.3 1.19 1.40 1.73 2.18 6.50 
18.7 220.3 0.90 1.09 1.41 1.82 5.22 
12.9 146.8 0.62 0.75 0.91 1.17 3.45 
510.1 1323 28.2 29.9 30.5 31.3 119.9 
507.6 1407 27.6 28.2 29.1 30.4 115.3 
504.3 1495 26.1 27.4 28.6 29.8 111.9 
0.053 0.220 0.042 0.047 0.057 0.070 0.054 
0.037 0.157 0.033 0.039 0.048 0.060 0.045 
0.026 0.098 0.024 0.027 0.032 0.039 0.031 
66.5 64.4 63.6 62.4 64.2 
67.2 66.5 65.3 63.6 65.6 
69.1 67.5 66.0 64.5 66.8 
18.8 23.0 19.4 20.4 22.4 23.5 21.8 
21.1 22.7 21.4 22.8 24.1 25.4 23.9 
22.8 22.6 22.9 23.7 24.4 25.8 24.5 
41.2 2.0 40.9 38.0 33.1 24.5 32.7 
41.9 2.2 41.6 35.3 27.6 23.0 30.0 
39.2 2.4 38.2 33.2 26.0 20.8 28.0 
65.8 
61.5 
59.4 
Continuous Fr9th Cutting Tests. Effect of Air 
Rate for Pyrite/Quartz With Wash Water 
CONC TAILS SEGMENT TOTAL 
(!min) (!min) 1 2 3 4 
28.2 290.2 1.15 1.36 1.62 2.07 6.20 
27.1 291.3 1.19 1.40 1.73 2.18 6.50 
26.1 291.6 1.25 1.49 1.81 2.25 6.80 
513.3 1320 27.8 29.1 30.0 31.3 118.2 
510.1 1323 28.2 29.9 30.5 31.3 119.9 
501.4 1329 29.0 29.7 30.6 31.9 121.2 
0.055 0.220 0.041 0.047 0.054 0.066 0.052 
0.053 0.220 0:042 0.047 0.057 0.070 0.054 
0.052 0.219 0.043 0.050 0.059 0.071 0.056 
66.9 65.3 64.2 62.4 64.7 
66.5 64.4 63.6 62.4 64.2 
65.5 64.6 63.4 61.7 63.8 
19.1 22.9 19.7 20.6 23.0 23.9 22.2 
18.8 22.9 19.4 20.4 22.4 23.5 21.8 
18.4 22.9 19.1 20.2 21.7 22.8 22.8 
39.0 2.1 38.5 35.6 30.9 22.7 30.6 
. 41.2 2.0 40.9 38.0 33.1 24.5 32.7 
44.9 1.8 44.4 42.1 36.9 25.8 35.8 
64.8 
65.8 
69.2 
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TABLE A2.7 
FROTHER 
CONC 
loom) 
PARTICLE 25 
MASS 20 
la\ 15 
WATER 25 
MASS 20 
la\ 15 
SOLIDS/ 25 
WATER 20 
RATIO 15 
AIR 25 
HOLD-UP 20 
(%) 15 
25 
d50 (µm) 20 
15 
GRADE 25 
(% S) 20 
15 
RECOVERY 25 
(%) 20 
15 
TABLE A2.8 
FROTH 
HEIGHT 
(mm\ 
PARTICLE 360 
MASS 240 
(al 120 
WATER 360 
MASS 240 
la) 120 
SOLIDS/ 360 
WATER 240 
RATIO 120 
AIR 360 
HOLD-UP 240 
{%) 120 
360 
d50 (µm) 240 
120 
GRADE 360 
(%S) 240 
120 
RECOVERY 360 
(%) 240 
120 
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Continuous Froth Cutting Tests. Effect of Frother 
Concentration for Pyrite/Quartz With Wash Water 
CONG TAILS SEGMENT TOTAL 
(!min) (!min) 1 2 3 4 
27.1 291.3 1.19 1.40 1.73 2.18 6.50 
20.0 298.8 1.01 1.16 1.33 1.64 5.14 
13.7 303.5 0.86 0.98 1.19 1.42 4.45 
510.1 1323 28.2 29.9 30.5 31.3 119.9 
507.4 1327 27.6 28.6 29.7 30.5 116.4 
503.5 1325 26.5 27.6 28.3 29.1 111.5 
0.053 0.220 0.042 0.047 0.057 0.070 0.054 
0.039 0.225 0.037 0.041 0.045 0.054 0.044 
0.027 0.229 0.032 0.036 0.042 0.049 0.040 
66.5 64.4 63.6 62.4 64.2 
67.2 66.0 64.6 63.5 65.3 
68.5 67.2 66.3 65.3 66.8 
18.8 22.9 19.4 20.4 22.4 23.5 21.8 
18.1 22.9 - 19.3 20.9 22.3 24.1 21.9 
17.0 22.9 18.2 19.5 21.8 23.5 22.5 
41.2 2.0 40.9 38.0 33.1 24.5 32.7 
40.7 3.0 40.6 37.6 32.9 25.9 33.2 
33.2 4.1 33.0 31.7 30.1 27.4 30.2 
65.8 
47.9 
26.9 
Continuous Froth Cutting Tests. Effect of Froth 
Height .for Pyrite/Quartz With Wash Water 
CONG TAILS SEGMENT TOTAL 
{/min) (!min) 1 2 3 4 
19.9 297.8 0.90 0.94 0.99 1.05 3.88 
23.9 293.9 LOS 1.10 1.15 1.22 4.53 
27.1 291.3 1.19 1.40 1.73 2.18 6.50 
483.6 1347 23.7 24.7 26.1 27.6 102.1 
493.9 1337 24.1 24.9 26.7 28.7 104.4 
510.1 1323 28.2 29.9 30.5 31.3 119.9 
0.041 0.221 0.038 0.038 O.Q38 0.038 0.038 
0.048 0.220 0.044 0.044 0.043 0.043 0.043 
0.053 0.220 0.042 0.047 0.057 0,070 0.054 
71.8 70.6 69.0 67.2 69.6 
71.3 70.3 68.2 65.8 68.9 
66.5 64.4 63.6 62.4 64.2 
21.8 22.6 22.4 22.8 23.2 23.7 23.0 
21.3 22.7 21.7 22.4 22.8 23.0 22.5 
18.8 22.9 19.4 20.4 22.4 23.5 21.8 
36.5 3.2 36.3 34.6 32.1 30.3 33.2 
38.2 2.7 38.1 35.3 33.2 31.1 34.3 
41.2 2.0 40.9 38.0 33.1 24.5 32.7 
42.9 
53.9 
65.8 
Appendix 2 
TABLE A2.9 
PULP 
DENSITY 
(%sol) 
PARTICLE 20 
MASS 15 
la\ 10 
WATER 20 
MASS 15 
la\ 10 
SOLIDS/ 20 
WATER 15 
RATIO 10 
AIR 20 
HOLD-UP 15 
{%) 10 
20 
d50 (µm) 15 
10 
GRADE 20 
(%S) 15 
10 
RECOVERY 20 
(%) 15 
10 
TABLE A2.10 
AIR 
RATE 
(cm/s\ 
PARTICLE 1.5 
MASS 1.2 
lo\ 0.9 
WATER 1.5 
MASS 1.2 
(Q) 0.9 
SOLIDS/ 1.5 
WATER 1.2 
RATIO 0.9 
AIR 1.5 
HOLD-UP 1.2 
(%) 0.9 
1.5 
d50 (µm) 1.2 
0.9 
GRADE 1.5 
(%S) 1.2 
0.9 
RECOVERY 1.5 
(%) 1.2 
0.9 
Continuous Froth Cutting Tests - Raw Data 
.Continuous Froth Cutting Tests. Effect of Pulp 
Density for Unisel With Wash Water 
CONG TAILS SEGMENT TOTAL 
(!min) (!min) 1 2 3 4 
19.9 299.2 0.78 0.95 1.03 1.28 4.04 
13.0 227.6 0.60 0.74 0.81 1.06 3.21 
9.0 151.6 0.40 0.52 0.58 0.74 2.24 
519.9 1317 28.9 30.4 31.0 33.8 124.1 
513.7 1410 27.9 29.5 29.9 32.6 119.9 
509.1 1497 27.2 28.7 29.1 31.9 116.9 
0.038 0.227 0.027 0.031 0.033 0.038 0.033 
0.025 0.161 0.022 0.025 0.027 0.033 0.027 
0.018 0.101 O.o15 O.o18 0.020 0.023 0.019 
65.7 63.9 63.1 59.7 63.1 
66.9 65.0 64.5 61.2 64.4 
67.8 66.0 65.5 62.1 65.4 
20.8 17.9 20.4 19.9 19.6 18.4 19.4 
19.1 18.0 19.0 18.7 18.5 18.3 18.6 
18.2 18.1 18.2 18.1 18.1 17.9 18.1 
19.5 0.7 19.3 18.1 15.9 11.3 15.6 
20.5 0.8 20.2 17.9 14.7 10.9 15.2 
19.6 0.8 19.3 17.1 13.4 10.2 14.3 
64.0 
58.3 
57.8 
Continuous Froth Cutting Tests. Effect of Air 
Rate for Unisel With Wash Water 
CONG TAILS SEGMENT TOTAL 
(!min) (!min) 1 2 3 4 
21.4 299.3 0.67 0.78 0.90 1.12 3.47 
19.9 299.2 0.78 0.95 1.03 1.28 4.04 
18.5 302.2 0.93 1.10 1.22 1.53 4.78 
521.9 1321 28.2 30.0 31.1 33.2 122.5 
519.9 1317 28.9 30.4 31.0 33.8 124.1 
514.6 1328 29.1 30.6 31.9 34.5 126.1 
0.041 0.227 0.024 0.026 0.029 0.034 0.028 
0.038 0.227 0.027 0.031 0.033 0.038 0.033 
0.036 0.228 0.032 0.036 O.Q38 0.044 0.038 
66.5 64.4 63.0 60.5 63.6 
65.7 63.9 63.1 59.7 63.1 
65.4 63.6 62.0 58.8 62.4 
18.9 18.0 18.8 18.8 18.7 18.3 18.6 
20.8 18.0 20.4 19.9 19.6 18.4 19.4 
24.7 17.9 24.1 23.5 22.1 18.8 21.8 
17.2 0.8 16.9 15.4 14.3 10.5 13.8 
19.5 0.7 19.3 18.1 15.9 11.3 15.6 
22.1 0.7 22.4 21.1 17.2 13.6 17.9 
60.4 
64.0 
67.1 
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TABLE A2.11 
FROTHER 
CONC 
loom) 
PARTICLE 25 
MASS 20 
(q) 15 
WATER 25 
MASS 20 
(Q) 15 
SOLIDS/ 25 
WATER 20 
RATIO 15 
AIR 25 
HOLD-UP 20 
(%) 15 
25 
d50 (µm) 20 
15 
GRADE 25 
(%S) 20 
15 
RECOVERY 25 
(%) 20 
15 
TABLE A2.12 
FROTH 
HEIGHT 
(mm) 
PARTICLE 360 
MASS 240 
/a\ 120 
WATER 360 
MASS 240 
(q} 120 
SOLIDS/ 360 
WATER 240 
RATIO 120 
AIR 360 
HOLD-UP 240 
(%) 120 
360 
d50 (µm) 240 
120 
GRADE 360 
(%S) 240 
120 
RECOVERY 360 
(%) 240 
120 
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Continuous Froth Cutting Tests. Effect of Frother 
Concentration for Unisel With Wash Water 
CONG TAILS SEGMENT TOTAL 
(!min) (!min) 1 2 3 4 
19.9 299.2 0.78 0.95 1.03 1.28 4.04 
12.5 307.6 0.63 0.80 0.92 1.06 3.41 
8.7 313.4 0.41 0.56 0.68 0.81 2.46 
519.9 1317 28.9 30.4 31.0 33.8 124.1 
507.1 1333 29.1 30.9 31.3 34.5 125.8 
497.9 1350 28.5 30.6 31.4 34.2 124.7 
0.038 0.227 0.027 0.031 0.033 0.038 0.033 
0.025 0.231 0.022 0.026 0.029 0.031 0.027 
0.017 0.232 0.014 0.018 0.022 0.024 0.020 
65.7 63.9 63.1 59.7 63.1 
65.5 63.3 62.8 59.0 62.6 
66.3 63.7 62.8 59.4 63.0 
20.8 17.9 20.4 19.9 19.6 18.4 19.4 
19.2 18.1 19.0 18.8 18.6 18.3 18.6 
18.5 18.1 . 18.5 18.3 18.2 18.2 18.3 
19.5 0.7 19.3 18.1 15.9 11.3 15.6 
18.1 1.2 18.0 17.1 14.5 10.8 14.6 
16.6 1.5 16.4 15.2 13.3 10.6 13.4 
64.0 
37.2 
23.6 
Continuous Froth Cutting Tests. Effect of Froth 
Height for Unisel With Wash Water 
CONG TAILS SEGMENT . TOTAL 
(!min) (!min) 1 2 3 4 
12.5 308.4 0.57 0.59 0.63 0.68 2.47 
16.8 302.2 0.63 0.66 0.70 0.75 2.74 
19.9 299.2 0.78 . 0.95 1.03 1.28 4.04 
491.3 1352 27.4 28.1 29.9 32.4 117.8 
503.3 1333 28.0 29.3 30.0 32.0 119.3 
519.9 1317 28.9 30.4 31.0 33.8 124.1 
0.025 0.228 0.021 0.021 0.021 0.021 0.021 
0.033 0.227 0.023 0.023 0.023 0.023 0.023 
0.038 0.227 0.027 0.031 0.033 0.038 0.033 
67.5 66.7 64.6 61.6 65.1 
66.8 65.3 64.4 62.0 64.6 
65.7 63.9 63.1 59.7 63.1 
18.6 18.1 18.5 18.5 18.4 18.4 18.4 
19.3 18.0 19.1 18.9 18.7 18.6 18.8 
20.8 17.9 20.4 19.9 19.6 18.4 19.4 
22.0 1.1 21.9 2.1.0 20.4 19.8 20.7 
20.6 0.9 20.5 19.8 19.3 18.6 19.5 
19.5 0.7 19.3 18.1 15.9 11.3 15.6 
45.1 
57.1 
64.0 
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Appendix 3 
FROTH MODEL PARAMETER CALCULATION 
O·r 
X(t) 
LAG PLUG FLOW STEP 
Y(t) 
a a Q(1+r) Q(1+r) a a 
O·r 
X(t) 
o(t-L) o[t - 'tJ(1+r)] A Y(t) 
a a Q(1+r) Q(1+r) a a 
O·r 
-
-X(s) 
exp(-Ls) exp[-s'tJ(1 +r)] A Y(s) 
a a Q(1+r) Q(1+r) a s a 
-
-
X(s) 
exp(-Ls) ex~[-s'tJ{1 +r}] A Y(s) 
a a 1 +r-r{ exp[-s'tJ( 1 +r)]} a s a 
FIGURE A3.1 Froth Phase Model 
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For the model: 
Mass balance over the reactor with recycle yields the transfer function of 
the reactor: 
W(s) = exp(-Ls) x exp[-s-ri/(1 +r)] x A 
1 +r-r-exp[-s-ri/(1 +r)] s 
Let K = w'(1 +r) 
W(s) = Aexp[-s(L+K)] 
s[1 +r-r-exp(-sK)] 
Let s = ~ + ico 
W(~+ico) =. A-exp[-(~+ico)·(L+K)] 
(~+ico)·[1 +r-r-exp(-(~+ico)K)] 
For the Laplace transform to exist the integral must be bounded. This 
condition allows ~ to be set to 0 (Glasser et al., 1980). 
W(ico) = A-exp[-ico(L+K)] 
ico[1 +r-r-exp(-icoK)] 
But exp(-i0) = case - i-sine 
W(ico) = A[cos co(L+K) - i-sin co(L+K)] 
ico[1 +r-r-(cos coK - i-sin coK)] 
Appendix 3 Froth Model Parameter Calculation 
W(ico) = A[cos ro(L+K) - i·sin co(L+K)] 
co[i(1 +r-rcos roK) + rsin coK] 
W(ico) = A[ cos ro(L+K) - i·sin co(L+K)][rsin roK - i(1 +r-rcos coK)] 
ro[i(1 +r-rcos coK) + rsin coK][rsin coK - i(1 +r-rcos roK)] 
W(ico) = A[rcos ro(L+K)sin coK - sin co(L+K)(1 +r-rcos coK)]. 
co[(1 +r-rcos coK)2 + r2sin2roK] 
- Ai[rsin ro(L+K)sin roK + cos ro(L+K)(1 +r-rcos roK)] 
co[(1 +r-rcos coK) 2 + r2sin2roK] 
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Rearranging and grouping into Real (Re) and Imaginary (Im) parts: 
Re W(iro) = .A[rcosro(L+K)sinroK - (1 +r)sinro(L+K) + rsinro(L+K)coscoK)] 
co[1 +2r +r2 - 2rcos coK - 2r2cos roK +r2cos2roK +r2sin2coK] 
Im W(ico) = A[rcosro(L+K)cosroK - (1 +r)cosco(L+K) - rsinco(L+K)sincoK)] 
ro[1 +2r +r2 - 2rcos roK - 2r2cos coK +r2cos2roK +r2sin2coK] 
· But cosAsinB + sinAcosB = sin(A+B) 
cosAcosB - sinAsinB = cos(A+B) 
sin2A + cos2A = 1 
Re W(s) = A[r·sin ro(L+2K) - (1 +r)·sin co(L+K)] 
co[1 +2r + r2 - 2r(1 +r)cos roK + r] 
Im W(s) = A[r·COS ro(L+2K) - (1 +r)·COS co(L+K)] 
ro[1 +2r + r2 - 2r(1 +r)'cos roK + r2] 
Appendix3 Froth Model Parameter Calculation 
Re W(s) = A·[r·sin co(L+2K) - (1 +r)·sin co(L+K)] = AW 
co[1 + 2r(1 +r)(1 - cos coK)] 
Im W(s) = A·[r·COS co(L+2K) - (1 +r)·COS co(L+K)] = IW 
co[1 + 2r(1 + r)(1 - cos coK)] 
For experimental data; Taking Laplace transforms: 
00 
H(s) = Y(s) = of Y(t)·exp(-st) dt 
00 
X(s) of X(t)·exp(-st) dt 
Let s = p· + ico 
00 
H(P+ico) = Y(P+ico) = of Y(t)·exp[-(p+ico)t] dt 
, 00 
X(P+ico) of X(t)·exp[-(P+ico)t)] dt 
Again let p = O 
00 
H(s) = of Y(t)·exp(-icot) dt 
00 
of X(t)·exp(-icot) dt · 
00 00 
H(ico) = of Y(t)·cos cot dt - i·of Y(t)·sin cot dt 
00 00 
of X(t)·cos cot dt - i·of X(t)·sin cot dt 
T oo 
Choose T such that of F(t) dt >> rf F(t) dt 
T = 4('t + cl/'t) (Bryson, 1970) 
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I 
T T 
H(iro) = of Y(t)·COS rot dt - i·of Y(t)·Sin rot dt 
T T 
of X(t)·cos rot dt - i·of X(t)·sin rot dt 
T T 
Let a = of Y(t)·cos rot dt b = of Y(t)·sin rot dt 
T T 
c = of XU)·cos rot dt d = of X(t)·sin rot ~ 
H(iro) = a - ib = (ac + bd) + i(ad - be) 
c - id c2 + d2 
Re H(s) = ac + bd = RH 
c2 + d2 
Im H ( s) = ad - be = I H 
c2 + d2 
N tn 
a = I Y(t}n f cos rot dt 
n=1 t(n-1) 
N tn 
b :: I Y(t}n f sin rot dt 
n=1 t(n-1) 
M tm 
c = I X(t}m f cos rot dt 
m=1 t(m-1) 
M tm. 
d :: I X(t}m f sin rot dt 
m=1 t(m-1) 
Y(t}n = [Y(tn} + Y(tn-1)]/2 and X(t}m = [X(tm} + X(tm-1}]/2 
~ ~ 
f cos rot dt = (1/ro)[sin rot] = (1/ro)[sin rotn - sin rotn-1] t(n-1) t(n-1) 
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m m 
( ) f sin cot dt = -(1 /co)[cos cot] = -(1 /co)[cos cotn - cos cotn-1] t n-1 t(n-1) 
but sinA - sinB = 2cos[(A+B)/2]-sin[(A-B)/2] 
cosA - cosB = -2sin[(A+B)/2]-sin[(A-B)/2] 
tn f cos cot dt = (2/co)[cos co(tn+tn-1)sin co(tn-tn-1)] 
t(n-1) 2 2 
tn f sin wt dt = (2/co)[sin co(tn+tn-1)sin co(tn-tn-1)] 
t(n-1) 2 2 
N 
a = L. Y(tn) + Y(tn-1) [sin w(tn - tn-1)·COS w(tn + tn-1)] 
n=1 (I) 2 2 
tn - tn-1 = Lltn and tn + tn-1 = (2n - 1 )·Lltn 
N 
a = L. Y(tn) + Y(tn-1) [sin co.1tn·COS co(2n - 1 )Litn] 
n=1 2 2 2 
N 
b = L. Y(tn) + Y(tn-1) [sin w.1tn·Sin co(2n - 1 )Litn] 
n=1 CO 2 2 
M 
c = L. X(tm) + X(tm-1) [sin coLltm·COS co(2m - 1 )Lltm] 
m=1 CO 2 2 
M 
d = L. X(tm) + X(tm-1) [sin coiltm·COS co(2m - 1 )Lltm] 
m=1 CO 2 2 
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For a fit, the model and experimental data transfer functions must agree 
over a range of frequencies i.e.: 
W(iCOj) :: H(iCOj) for j = 1, 2, 3, etc. 
For higher frequencies the errors become large and the largest value of j 
should be chosen such that the error is less than the experimental error. 
A least squares technique is used to find the best model fit. 
J 
cp = L. [(RW - RH)2 + (IW - IH)2] = minimum 
j=1 
A Nelder-Mead algorithm (Nelder and Mead, 1965) was used to find cp. 
Nomenclature 
NOMENCLATURE 
Roman Symbols 
a Fn(ro,t,Y(t)} 
A Step Change 
Ac 
Act 
Axs 
b 
c 
c 
Co 
Ct 
Cti 
CFi 
C1 
Cross-Sectional Area of the Cell 
Cleaning Factor 
Capillary Cross-Sectional Area 
Fn(ro,t,Y(t)) 
Fn( ro,t,X(t)) 
Concentration 
Initial Tracer Concentration 
Concentration in the Froth 
Concentration of Species i in the Froth 
Classification Function 
Concentration in the Feed 
Concentration of Species i in the Feed 
., 
Cu 
Cpi 
Cti 
Cr 
Cri 
Solids Concentration of Particle Size i in the P\,Jlp 
Tailings Concentration of Gangue of Particle Size i 
Concentration in the Pulp 
d 
db 
de 
dt 
dp 
dss 
D/ul 
D 
01 
Op 
Or 
Ox 
Concentration of Species i in the Pulp 
Fn(ro,t,X(t)) 
Bubble Diameter 
Column Diameter 
Film Thickness 
Particle Diameter 
95% Passing Particle Diameter 
Vessel Dispersion Number 
Dispersion Coefficient 
Dispersion Coefficient for Liquid 
Dispersion Coefficient for Solids 
Radial Dispersion Coefficient 
Axial Dispersion Coefficient 
E Collision Efficiency 
Eapt Minimum Error 
Ex1 Error at x1 
Ex2 Error at x2 
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[ML-3] 
[ML-3] 
[ML3] 
[ML-3] 
[ML-3] . 
[ML-3] 
[ML-3] 
[ML·3] 
[ML·3] 
[ML·3] 
[L] 
[L] 
[L] 
[L] 
[L] 
[L2T1] 
[L2T1] 
[L2T1] 
(L2T1] 
[L2T1] 
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Ey1 Error at y1 
Ey2 Error at y2 
E(t) Normalised Concentration at Time t 
E(0) Exit Age Distribution Curve. 
g Acceleration Due to Gravity [LT2] 
G Air Flow Rate [L3T1] 
h Froth Height [L] 
H(s) Transfer Function for Experimental Data 
IH Imaginary Part of H(s) 
IW Imaginary Part of W(s) 
Jd Downward Bias [LT1] 
Jdt Froth Drainage Flux [LT1] 
Jg Superficial Gas Velocity [LT1] 
J1 Superficial Liquid Velocity [LT1] 
Ju Upward Bias [LT1] 
k Constant 
k' Effective Rate of Particle Entry into the Froth [MT1] 
kb-p Particle-Bubble Size Factor 
kb-pc Critical Particle-Bubble Size Factor 
kci Proportionality Constant [LM-3] 
kcw Proportionality Constant [LM-3] 
kt Fraction of Particles Entering the Froth that are 
Returned to the Pulp 
kt" kt/{VtC1) 
kti Rate of Particles of Species i Entering the Pulp [MT1] 
from the Froth 
kti' ktiVt [ML3T 1] 
kti" ktiro [L2T1] 
ktw Rate of Water Entry into the Froth [L3T1] 
ktw" ktwro [L 2T1] 
ki Detachment Rate Constant [T1] 
kp Actual Rate of Particle Entry into the Froth [MT1] 
kp' kp/Vp [ML-3T 1] 
kpi Rate of Particles of Species i Entering the Froth [MT1] 
kr Rate Constant [T1] 
K 'ti/(1 +r) 
Kc Dimensionless Constant 
Ks Particle-Bubble Size Factor 
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I Primary Length Parameter [L] 
L Lag 
Le Column Length (L] 
Ld Distance Between the Detectors [L] 
Lp Height in the Pulp Zone of the Column (L] 
m Fn(Reb,db,de) 
me Flow Rate of Particles in the Concentrate [MT1] 
mei(Zw) Mass Flow Rate of Entrained Species i at the (MT1] 
Froth Surface 
mfi(Zw) Mass Flow Rate of Floated Species i at the [MT1] 
Froth Surface 
mi Mass of Species i [M] , 
mi(O) Mass Flow Rate of Species i into the froth [MT1] 
mi(Z) Mass Flow Rate of Species i at Height z [MT1] 
Mti Mass of Species i in the Froth (M] 
Mi Mass of Gangue of Particle Size i in the Froth [M] 
Mpi Mass of Species i in the Pulp [M] 
Mw Mass of water in the Froth [M] 
n Constant 
N Number of Tanks-in-Series 
N4 Number of Tanks-in-Series for the Top Half of the 
Pulp Zone 
Ns Number of Tanks-in-Series for the Whole of the 
Pulp Zone 
Na Number of Particles Colliding with Bubbles 
NT Maximum Number of Particles Colliding with Bubbles 
if Streamlines did not divert particles 
p Fn(u,de,Dx,Dr) 
Pi Period of the Length Pulse [T] 
Pm Primary Energy Dissipation Rate [L2T3] 
qe Flow Rate of Water in the Concentrate [LsT1] 
qe(Zw) Flow Rate of Water at the Froth Surface [LsT1) 
a Volumetric Flow Rate [L 3r-1] 
Qo Rate of Drainage from the Froth [L 3r-1] 
Qoi Rate of Drainage of Particles of Size i from the Froth [LsT1] 
Qow Rate of Drainage of Water from the Froth [LsT1] 
Ot Volumetric Flow Rate of Froth (LsT1] 
QFi Concentrate Flow Rate of Particle Size i [LsT1) 
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QFw Concentrate Flow Rate of Water [LsT1] 
Qi Rate of Particles of Size i Entering the froth from [L 3T-1] 
the Pulp 
Q1 Volumetric Flow Rate of Feed [LsT1) 
Qr Volumetric Flow Rate Tailings [LsT1) 
Qw Volumetric Flow Rate Water in the Concentrate [LsT1] 
r Reactor Recycle Ratio 
ro Proportionality Constant [L2] 
rp Radial Position [L] 
R Ultimate Recovery 
R' Stage Recovery 
Re Recovery in the Collection Zone 
Rt Recovery in the Froth Zone 
Rte Overall Recovery 
Rg Gangue Recovery [MT1) 
Rt Recovery at time t 
Re Reynolds Number 
Reb Reynolds Number for a Bubble 
Rebs Reynolds Number for a Bubble Relative to the Slurry 
RH Real Part of H(s) 
RW Real Part of W(s) 
s Laplace Transform Operator 
s Solids Concentration [ML-3] 
S' Fn(rp,de,Z} 
t Time [T] 
-
t Mean Residence Time · [T] 
-
ti Residence Time in Plug Flow Reactor [T] 
tpeak Normalised Peak Time 
Ti Period of Velocity Pulse [T] 
u Superficial Velocity (Solids or Liquid) [LT1] 
Ud Velocity of the Dispersed Phase [LT1] 
Ui Velocity of the Bubble [LT1] 
Ub Bubble Velocity [LT1] 
Ui(z) Drainage Velocity for Species i [LT1] 
Usg Bubble Velocity Relative to the Slurry [LT1] 
Vi Velocity of Species i [LT1] 
v(z) Bubble Rise Velocity [LT1] 
Voo Terminal Bubble Rise Velocity [LT1] 
• 
...---------------------------------------
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v Total Bubble Volume (L3] 
Vt Volume of Froth [L3] 
Vi Bubble Volume [L3] 
Vp Volume of Pulp [L3] 
W(s) Transfer Function for Model 
x Dimensionless Constant 
Xopt Value of x at which the Minimum Error Occurs 
Xp Axial Position [L] 
X(s) Input Laplace Transform 
X(t) Input Function in the Time Domain 
yopt Value of y at which the Minimum Error Occurs 
Y(s) Output Laplace Transform 
Y(t) Output Function in the Time Domain 
z Height in the Froth [L] 
Zdi Level at which Detachment Starts [L] 
Zf Distance from the Top of the Film [L] 
Zw Distance from the Froth Surface [L] 
z Fn(Xp,dc,Dr,Dx) 
Greek Symbols 
a Fraction of Froth Removed in the Concentrate 
m Liquid Holdup in the Froth 
as Relative Froth Stability 
~ Real Part of s 
'Y Surface Tension [MT2] 
r(N) Gamma Function 
E Gas Holdup 
11 Viscosity (ML-1T 1] 
0 tit 
A. Back Mixing Parameter 
µ Liquid Viscosity (ML-1T 1] 
p Density [ML-3] 
pc Density of the Continuous Phase [ML-3] 
pd Density of the Dispersed Phase (ML-3] 
pi Density of Species i [ML-3] 
p1 Density of Liquid (ML-3] 
Nomenclature 
pi · Density of Liquid 
cr2 Variance 
(J92 (J2/t2 
t 
ti 
Mean Residence Time (Pulp or Froth) 
Residence Time in Plug Flow Reactor 
cp Least Squares Function 
co Imaginary Part of s 
Abbreviations 
AC Alternating Current 
ACIA Asynchronous Communication Interface Adaptor 
ADM Axial Dispersion Model 
CSTR Co.ntinuous Stirred Tank Reactor 
DC Direct Current 
EPROM Erasable Programmable Read Only Memory 
1/0 Input/Output 
LED Light Emitting Diode 
MPU Microprocessor Unit 
PC Personal Computer 
PIA Peripheral Interface Adaptor 
PTr Photo Transmitter 
PZC Point of Zero Charge 
RAM Random Access Memory 
T+S Tanks-in-Series 
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